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SECTION I 
EYECUT I VE SUMMARY 
e 
This  r e p o r t  documents t h e  progress  which has been achieved on 
NASA-LaRC Grant NAG-1-745, e n t i t l e d  "Environment Ass is ted  Degradation 
Mechanisms i n  Aluminum-Lithium Alloys ," and based on research  conducted 
dur ing  t h e  pe r iod  from Apr i l  1 t o  November 30, 1987. A d i scuss ion  of 
proposed work i n  year  2 (Apr i l  1, 1988 t o  Narch 31, 1989) i s  i n t e g r a t e d  
wi th  t h i s  progress  r e p o r t .  A proposal  f o r  g ran t  renewal is being i s sued  
under s e p a r a t e  cover .  
The p a r t i c i p a n t s  i n  t h i s  sponsored program inc lude  t h r e e  f a c u l t y  
and t h r e e  PhD candida te  graduate  s tuden t s  from t h e  Departments of 
Ma te r i a l s  Science a t  t h e  Univers i ty  of V i rg in i a  and Mater ia l s  
Engineer ing a t  V i rg in i a  Polytechnic  I n s t i t u t e  and S t a t e  Un ive r s i ty .  
Biographical  information i s  presented  i n  Appendix 11. The NASA g r a n t  
monitor i s  D .  L .  Dicus of  t h e  Meta l l i c  Mater ia l s  Branch a t  t h e  Langley 
Research Center .  
SECTION I1 provides  an overview of t h e  need f o r  research  on t h e  
mechanisms of environmental-mechanical degrada t ion  of advanced aerospace 
a l l o y s  based on aluminum and l i t h ium.  Three s p e c i f i c  r e sea rch  programs 
a r e  introduced and t h e  common goal  of t h e  work is  c i t e d .  That i s ,  t h e  
research  is  aimed a t  providing NASA with t h e  fundamental b a s i s  which i s  
necessary  t o  enable  m e t a l l u r g i c a l  op t imiza t ion  of a l l o y  performance and 
engineer ing  des ign  wi th  damage t o l e r a n c e ,  long term d u r a b i l i t y  and 
r e l i a b i l i t y .  
SECTION I11 r e p o r t s  on t h e  progress  of work on "Damage Loca l i za t ion  
Nechanisms i n  Aqueous Chloride Corrosion Fa t igue  of Aluminum-Lithium 
Alloys" conducted by Mr. R .  S .  P i a sc ik  and P ro f .  R .  P .  Gangloff a t  UVa. 
This  work is  t a r g e t e d  a t  c h a r a c t e r i z i n g  aqueous and gaseous environment 
cor ros ion  f a t i g u e  crack propagat ion k i n e t i c s ,  mic ros t ruc tu ra l  pa ths  and 
damage mechanisms f o r  Alloy 2090. Three t a s k s  have been accomplished. 
A d e t a i l e d  l i t e r a t u r e  review and experimental  p l an ,  p resented  i n  
1 
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Appendix I, was completed and approved by the PhD Committee and the 
grant monitor. Alloys 2090 and 7075, supplied by Alcoa, have been 
characterized with respect to microstructure, mechanical properties and 
corrosion behavior. Computer automated, fracture mechanics methods and 
electrical potential difference monitoring of crack growth, have been 
successfully adapted to study short cracks in highly purified gaseous 
and aqueous chloride/controlled electrode potential environments. 
Emphasis here is on the characterization of intrinsic crack propagation 
behavior free of complicating extrinsic closure effects. These methods 
have been applied to characterize the corrosion fatigue behavior of peak 
aged Alloy 2090 in aqueous 1% NaCl/anodic polarization, purified water 
vapor, purified helium, moist air, 1% NaCl/cathodic polarization and 
purified oxygen. Both high stress intensity and near threshold crack 
growth rates decrease according to the listed order of environments. 
Oxygen and cathodic polarization/NaCl conditions promote significant 
reductions in environmental cracking susceptibility. Decreased loading 
frequency does not exacerbate corrosion fatigue . While each a1 loy 
exhibited similar trends, Alloy 2090 is generally more corrosion fatigue 
resistant compared to Alloy 7075. A plan which emphasizes experimental 
analysis and mechanistic work is presented to complete the corrosion 
fatigue research and Pfr. Piascik's PhD program during year 2. 
SECTION IV reports on the progress of work on "Measurements and 
Ffechanisms of Localized Aqueous Corrosion in Aluminum-Lithium Alloys" 
conducted by Mr. R. G. Buchheit, Jr., and Prof. G. E. Stoner at U V a .  
This work is targeted at isolating and measuring localized processes 
which are hypothesized to control corrosion and embrittlement of 
aluminum-lithium alloys. A literature review was conducted and Ag/AgCl 
microreference electrodes were successfully constructed with 
inner bore diameter tip sizes as small as 5 um. These probes have been 
used to measure potential variations as small as 0.6 mV at localized 
sites on actively corroding surfaces of Alloy 2090. Growing corrosion 
pits have been emphasized during this reporting period. Measurement of 
time dependent pH changes have been performed for artificial crevices 
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and immersed machined shavings in solutionized and peak aged Alloy 2090, 
with an effect of heat treatment indicated. A proposed plan is 
presented for work in year 2 and which emphasizes several additional 
probes of localized chemistry in pits and cracks. 
SECTION V provides a detailed technical proposal for research on 
Environmental Degradation of A1-Li Alloys: The Effect of Hydrogen" by 
Prof. R. E. Swanson at VPI. This work was originally proposed by 
Prof. M. R. Louthan to begin in year 2 and is on schedule as the result 
of the effort recorded here. The proposal describes a 24-month study to 
characterize the effects of hydrogen on the mechanical behavior and 
microstructure of Alloy 2090. The goal of this work is to increase the 
understanding of the role of microstructure and stress state on the 
susceptibility to hydrogen damage in A1-Li alloys. Plicrostructural 
characterizations will include: optical microscopy, scanning electron 
microscopy, transmission electron microscopy and differential thermal 
analysis or scanning calorimetry. Mechanical property characterizations 
will include uniaxial tension tests, biaxial loading tests, Charpy 
impact tests, and microhardness indention tests. 
11 
SECTION VI provides a new proposal by Prof. Gangloff for the 
incorporation of a fourth, PhD level graduate student and a fourth area 
of research. Five potential research topics are suggested, all with the 
common features of examining the environmental resistance of advanced, 
light metals and emphasizing an integrated metallurgical and fracture 
mechanics approach. A specific example proposal is presented for the 
particularly important area of Elevated Temperature Crack Growth in 
Advanced Powder Pletallurgy Aluminum Alloys. It Important uncertainties , 
likely materials, modern fracture mechanics tools and a mechanistic 
approach are summarized. We propose that NASA provide mainly student 
support in year 2 to develop a specific topic, literature review and 
experimental plan, ideally in conjunction with Langley researchers in 
metals and fracture. 
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SECTION I1 
INTRODUCTION 
ENVIRONMENT ASSISTED DEGRADATION NECHANISM 
IN ALUM INUN - LITHI UP1 ALLOYS 
A. The Problem 
0 
a 
Aluminum-lithium based alloys are the object of intense government, 
industrial and academic research aimed at developing low density, high 
strength and high stiffness materials. Commercial alloys containing 
Al-Li-Cu-Zr (eg. 2090) and Al-Li-Cu-Fig-Zr (eg. 8090) are becoming 
available, particularly for fastened airframe components (1):':. Future 
aerospace applications will include cryogenic tankage. 
Problems of alloy degradation and failure currently impede reliable 
application of A1-Li alloys in engineered structures and require 
additional research, as documented at several international conferences 
( 2 - 5 ) .  Unresolved issues include: 
lt Low fracture toughness attributed to elastic and plastic strain 
localization, precipitates and impurities localized at grain 
boundaries ( 6 - 9 ) .  
0 
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E Dependence of fatigue crack propagation resistance on extrinsic 
factors which are beneficial for laboratory specimens, but which 
are not easily modeled by damage tolerant life prediction methods 
(10) 
Environmental stability with regard to properties and mechanisms 
governing aqueous corrosion and hydrogen embrittlement over a range 
of cryogenic to elevated temperatures, and specifically including 
the lack of capabilities to predict component behavior from 
laboratory data (11-14). 
Heterogeneous microstructures such as grain boundary phases and 
precipitate free zones, complex precipitation sequences, 
anisotropic and textured grain structure, and deformation 
mechanisms which influence the above properties. 
;? All references are contained in Section VII. 
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Micros t ruc tu ra l  e f f e c t s  on t h e  benign environment mechanical p r o p e r t i e s  
of A 1 - L i  a l l o y s  have been cha rac t e r i zed ,  behaviora l  mechanisms have been 
repor ted  (6-10)  and thermal-mechanical process ing  has lead t o  A1-L i  type  
a l l o y s  wi th  e x c e l l e n t  s t r e n g t h  and long i tud ina l  toughness,  p a r t i c u l a r l y  
a t  cryogenic  temperatures  (15- 1 9 ) .  
Research has  focused on t h e  phenomenology of p i t t i n g  cor ros ion  and 
s h o r t  t r a n s v e r s e  SCC of A 1 - L i - X  a l l o y s  i n  c h l o r i d e  con ta in ing  
environments.  Lithium add i t ions  a lone  do not  cause unacceptably high 
chemical r e a c t i v i t y  i n  aqueous environments conta in ing  aggress ive  ions 
such a s  c h l o r i d e .  P rope r t i e s  a r e  encouraging; f o r  example, s p e c i f i c  
m e t a l l u r g i c a l  s t r u c t u r e s  a r e  repor ted  t o  e x h i b i t  e x c e l l e n t  s t r e s s  
co r ros ion  c racking  r e s i s t a n c e .  Def ic ienc ies  e x i s t ,  however, inc luding:  
Specu la t ive  models expla in  po r t ions  of d a t a ,  however, mechanisms 
have been n e i t h e r  developed q u a n t i t a t i v e l y ,  nor t e s t e d  c r i t i c a l l y .  
Laboratory measurements have not  s epa ra t ed  and cha rac t e r i zed  t h e  
l o c a l i z e d  processes  which a r e  r e l evan t  t o  complex f a i l u r e  modes. 
Data a r e  not  s c a l a b l e  t o  p r e d i c t  performance. 
e 
n Hydrogen con t r ibu t ions  t o  loca l i zed  co r ros ion ,  deformation and 
b r i t t l e  f r a c t u r e  have no t  been s t u d i e d  sys t ema t i ca l ly .  
n Fatigue-environment i n t e r a c t i o n s  have not  been s tud ied  
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B .  The NASA Sponsored Research Program 
I n  March of  1 9 8 7 ,  t h e  NASA-Langley Research Center funded a 
mul t i - f ace t ed  r e sea rch  program a t  t h e  Univers i ty  of V i rg in i a  and a t  t h e  
V i r g i n i a  Poly technic  I n s t i t u t e  and S t a t e  Univers i ty  t o  i n v e s t i g a t e  
degrada t ion  of A 1 - L i - X  a l l o y  p r o p e r t i e s  due t o  gaseous and aqueous 
environmental  exposures and t o  d i s so lved  hydrogen ( 2 0 ) .  
The goa l  of t h e  proposed research  program is t o  c h a r a c t e r i z e  
a l l o y  behavior  and t o  develop mechanisms f o r  environmental f a i l u r e  of 
commercial type  A l - L i - C u  a l l o y s .  This  work i s  necessary t o  enable  
m e t a l l u r g i c a l  op t imiza t ion  of a l l o y  performance and engineer ing des ign  
wi th  damage to l e rance  and long term r e l i a b i l i t y .  Current understanding 
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i n  t h e s e  regards  i s  i n s u f f i c i e n t  f o r  s a f e  use of aluminum-lithium a l l o y s  
i n  aerospace miss ions .  
As developed i n  t h e  i n i t i a l  proposal  , t h r e e  s p e c i f i c  research  
p r o j e c t s  have been i n i t i a t e d  t o  address  t h e  aforementioned u n c e r t a i n t i e s  
( 2 0 ) .  These p r o j e c t s  a r e  i n t e r r e l a t e d  and w i l l  be conducted 
c o l l a b o r a t i v e l y ,  by f a c u l t y  members of t h e  P la te r ia l s  Science Department 
a t  t h e  Un ive r s i ty  of V i rg in i a  and t h e  P la te r ia l s  Engineering Department 
a t  t h e  Vi rg in i a  Polytechnic  I n s t i t u t e  and S t a t e  Univers i ty .  NASA-LaRC 
funded r e sea rch  programs a t  UVa and VPI inc lude :  
DAMAGE LOCALIZATION FlECHANISPlS I N  AQUEOUS CHLORIDE 
CORROS I ON FAT1 GUE OF ALUP1 INUP1 -LITHI UP1 ALLOYS 
I n v e s t i g a t o r :  R . P .  Gangloff 
Proposed Durat ion:  A p r i l ,  1987 t o  March, 1989 
Graduate Student : Robert S .  P i a s c i k ,  PhD candida te  
Support :  Or ig ina l  proposal  ( 2 0 ) .  
S t a t u s :  The program was i n i t i a t e d  on schedule;  r e sea rch  
accomplishments a r e  descr ibed  i n  t h i s  progress  r e p o r t .  The 
t e c h n i c a l  d i r e c t i o n  f o r  p r o j e c t  completion i n  year  2 i s  proposed 
h e r e i n .  
FlEASUREEfENTS AND EIECHANISHS OF LOCAL1 ZED AQUEOUS 
CORROS I O N  I N  ALUN INUE.1- LITH IUM ALLOYS 
I n v e s t i g a t o r :  G . E .  Stoner  
Proposed Duration: August, 1987 t o  March, 1990 
Graduate Student: Rudolph G. Buchheit , Jr . , P h D  candidate 
Support:  Or ig ina l  proposal  ( 2 0 ) .  
S t a t u s :  The program was i n i t i a t e d  on schedule;  four  months of 
r e sea rch  have been accomplished as desc r ibed  i n  t h i s  progress  
r e p o r t .  The t e c h n i c a l  d i r e c t i o n  f o r  years  2 and 3 i s  proposed. 
DEFORPlATION AND FRACTURE OF ALUNINUPI-LITHIUM ALLOYS : 
THE EFFECT OF DISSOLVED HYDROGEN 
I n v e s t i g a t o r :  R . E .  Swanson (M.R. Louthan, J r . )  (VPI) 
Proposed Durat ion:  A p r i l ,  1988 t o  March, 1990 
Graduate Student :  To be r e c r u i t e d  (VPI) 
Support :  Or ig ina l  proposal  ( 2 0 ) .  
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S t a t u s :  F1.R. Louthan is  no longer a f f i l i a t e d  wi th  V P I ,  and has been 
rep laced  on t h i s  p r o j e c t  by Professor  Robert E .  Swanson. 
Prel iminary work has been conducted a t  V P I ,  a s  d i scussed  i n  t h i s  
progress  r epor t  and a d e t a i l e d  proposal  f o r  hydrogen embri t t lement  
r e sea rch  i n  years  2 and 3 is  presented .  
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A s  an add i t ion  t o  t h e  o r i g i n a l  proposa l ,  a fou r th  PhD candida te ,  
Ifr William Porr ,  w i l l  begin work on e i t h e r  e leva ted  temperature  
environmental  cracking of advanced PPI aluminum a l l o y s  o r  environmental  
degrada t ion  of an aluminum matr ix  discont inuous f i b e r  composite 
m a t e r i a l .  S t a r t u p  funding f o r  t h i s  e f f o r t  i s  included i n  t h e  proposal  
f o r  renewal i n  year  2 t o  March, 1989 and f u l l  program funding is  
proposed f o r  year  3 .  
I n  summary t h e  NASA-LaRC sponsored research  p r o j e c t  is  designed a s  
a t h r e e  year  e f f o r t  by t h r e e  f a c u l t y  t o  t r a i n  four  doc to ra l  l e v e l  
graduate  s tuden t s  i n  t h e  i n t e r d i s c i p l i n a r y  a reas  of meta l lurgy ,  
e l ec t rochemis t ry  and s o l i d  mechanics. Along wi th  t h e  p a r t i c i p a t i n g  
f a c u l t y ,  t h e s e  s tuden t s  represent  a meaningful resource which i s  
r e l evan t  t o  NASA l i g h t  meta ls ,  f r a c t u r e  mechanics, and s t r u c t u r e s  
development missions.  
C .  Complementary Research Programs 
Severa l  a d d i t i o n a l  programs have been i n i t i a t e d  s i n c e  t h e  
original proposal and are funded by a variety of sources including 
i n d u s t r y  and NASA. 
DEFORMATION AND FRACTURE OF ALUMINUM-LITHIUM ALLOYS : 
THE EFFECT OF CRYOGENIC TENPERATURES 
I n v e s t i g a t o r :  Richard P .  Gangloff 
Graduate Student : John A .  Wagner, PhD candida te  
Support :  On-si te  r e sea rch  a t  NASA-LaRC. 
S t a t u s :  Plr. Wagner, a NASA-Langley employee, has completed a l l  
course  work and examinations f o r  t h e  PhD degree i n  Plater ia ls  
Science a t  t h e  Univers i ty  of V i rg in i a .  He w i l l  conduct 
d i s s e r t a t i o n  research  on cryogenic  f r a c t u r e  and hydrogen 
embri t t lement  of s u p e r p l a s t i c a l l y  formed A1-Li-Cu-X a l l o y s  a t  LaRC. 
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The c o s t  of Elr. Wagner's research is not  included i n  t h i s  proposal ,  
however t h e  work w i l l  follow d i r e c t l y  from t h e  hydrogen 
embrit t lement s tudy .  
STRESS CORROSION C R A C K I N G  
OF ALUPIINUPI - LITHIUEI-COPPER ALLOYS 
I n v e s t i g a t o r :  Glenn E .  Stoner  
Graduate Student :  James P .  Ploran, PhD candidate  
Support:  Alcoa and V i r g i n i a  CIT  
S t a t u s :  Flr. Moran's research has been underway f o r  t h e  p a s t  two 
yea r s  and i s  being c l o s e l y  coordinated with Nr. Buchhei t ' s  work. 
NASA sponsored r e sea rch  f u r t h e r  b e n e f i t s  by c o n t a c t s  with ongoing, 
i n d u s t r i a l  and government sponsored r e sea rch  wi th in  t h e  Light Metals 
Center a t  UVa. 
D .  Report Organization 
This r e p o r t  d e s c r i b e s  t h e  progress  achieved on each of t h e  t h r e e  
NASA-LaRC funded r e sea rch  programs between t h e  pe r iod  Apr i l  1st and 
November 31, 1987 (Sect ions 111, I V  and V). Technical d e s c r i p t i o n s  f o r  
f u t u r e  r e sea rch  follow t h e  r e p o r t s  of progress  i n  each of t h e  t h r e e  
program s e c t i o n s .  The proposed d i r e c t i o n  of Mr. P o r r ' s  r e sea rch  i s  
p resen ted  a f t e r  t h e  d i scuss ions  of t h e  t h r e e  o r i g i n a l  p r o j e c t s  and i n  
Sec t ion  V I .  
The program on Environmental Degradation Nechanisms i s  being 
i n t e g r a t e d  i n t o  a proposed UVA-NASA/LaRC program on Light  Alloy 
Technology. A s p e c i f i c  proposal  f o r  g r a n t  renewal, i nc lud ing  complete 
budgetary information f o r  year  2 ,  i s  provided i n  t h i s  regard and under 
s e p a r a t e  cover .  
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DAMAGE LOCALIZATION NECHANISElS IN AQUEOUS CHLORIDE CORROSION 
FATIGUE OF ALUElINUFl-LITHIUM ALLOYS 
Robert S. Piascik and Richard P. Gangloff 
Summary 
The objective of this research is to study mechanisms of crack tip 
damage fundamental to environmentally assisted fatigue crack growth in 
Al-Li-Cu alloys. Intrinsic mechanisms of fatigue crack growth in alloy 
2090 are examined by fracture mechanics methods applied to small cracks. 
Two regimes of environmental effect, low mean stress-high stress 
intensity range hydrogen embritt lement and high R-near threshold 
cracking by hydrogen or film rupture/dissolution are studied by 
programmed constant stress intensity experimentation. The potential 
difference monitored crack growth studies are performed in purified 
helium, oxygen, water vapor and aqueous sodium chloride environments. 
Fatigue crack growth is first measured as a function of frequency and 
then for small crack-microstructure orientations giving single or 
multiple grains along the crack front. Experiments are designed to 
probe crack tip environmental damage for the two regimes. Crack 
interactions with grain boundaries will be resolved. Growth in gaseous 
environments will be compared to environmental effects produced by 
electrode potential controlled aqueous environments. The results of 
this work are reported here. Confirming experiments and analyses are 
progressing in the next reporting period. 
B. Objective 
The objectives of this research program are to characterize 
corrosion fatigue crack propagation in Al-Li-Cu alloys exposed to 
gaseous and aqueous environments at room temperature, and to develop 
mechanisms of damage localization from crack tip-environment- 
microstructure interactions. The goal of this work is to identify 
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beneficial metallurgical conditions and quantitative damage tolerant 
life prediction models to mitigate environmental cracking. 
C. Progress for the Period April 1 to November 30, 1987 
1. Literature Review and Approach 
Mr. Piascik has conducted an in-depth literature review and 
developed a detailed technical plan for his doctoral research program. 
This work, described by the document in Appendix I, was presented to Fir. 
Dennis Dicus, the NASA-LaRC contract monitor, and to Plr. Piascik's PhD 
Committee in August of 1987. The committee approved his proposal. 
The experimental approach to examining corrosion fatigue damage in 
Al-Li-Cu Alloy 2090 was designed based on the literature review which 
identified important parameters and critical uncertainties from prior 
published work. In summary our fracture mechanics based study is 
designed to : 
n Emphasize intrinsic corrosion fatigue damage through the use of 
short crack specimens, and controlled stress intensity range and 
stress ratio techniques to minimize closure related extrinsic 
fatigue processes. 
Examine small crack-environment and small crack-microstructure 
interactions to reveal details of crack tip damage and to develop 
characterizations relevant to realistic crack geometries for 
aerospace applications. 
Employ high resolution, in situ electrical potential difference 
monitoring of crack length, computer programmed constant stress 
intensity techniques and high stress ratio loading to characterize 
intrinsic, transient and steady state corrosion fatigue damage. 
Examine two regions of crack tip stress intensity, including near 
threshold and higher AK Paris Law fatigue, where the mechanism for 
environmental cracking may vary from film formation/rupture to 
hydrogen embrittlement. 
n Control electrode potential for aqueous environments, and cyclic 
loading frequency effects for electrolyte and gaseous exposures. 
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22: Control alloy microstructure to define deleterious phases and 
morphologies. 
Employ several techniques; including post environmental exposure 
fracture toughness, single grain cracking in controlled 
microstructures, fractography, and frequency or electrode potential 
change transient experiments; to define localized crack tip damage 
mechanisms. 
Specific details pertaining to material, specimen design and 
fatigue-fracture mechanics, microstructure-crack orientations, 
environmental chambers and chemistry control are presented in Appendix 
I. This material provides the necessary background for the discussion 
of experimental results. 
Research 
follows: 
Phase 1: 
0 
0 
Phase 2 :  
0 
0 
0 
Phase 3 :  
Specific 
on corrosion fatigue is approached in three phases as 
Experiments will develop the foundation necessary for 
planning and executing the research program. Tasks will: 
(1) Characterize the microstructure of Alloy 2090 as a 
function of aging; ( 2 )  Characterize free corrosion and 
electrochemical polarization behavior as a function of 
microstructure and solution chloride composition; ( 3 )  
Adapt the electrical potential method for study of small 
corrosion fatigue cracks in aluminum alloys; and ( 4 )  
Demonstrate intrinsic, stress intensity similar-fatigue 
crack propagation for the benign moist air environment. 
Experiments and analyses will characterize the growth 
kinetics and microstructural paths of corrosion fatigue 
cracks in Alloy 2090 and 7075. Tasks will: 
(1) Demonstrate intrinsic, stress intensity similar- 
fatigue crack propagation for embrittling gaseous and 
aqueous environments, ( 2 )  Determine stress intensity- 
stress ratio, frequency and electrode potential 
conditions for corrosion fatigue in several gaseous and 
aqueous environments. 
Research will probe mechanisms for intrinsic corrosion 
fatigue damage. 
experiments for each phase are listed in Tables 4 ,  5 
and 6 contained in Appendix I. The research plan and experimental 
design are entirely consistent with the original proposal to NASA (20). 
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The schedule  f o r  Phases 1, 2 and 3 is  presented i n  Figure 1. Work 
i s  progress ing  according t o  t h i s  schedule;  a l l  of t h e  Phase 1 work and 
about 750; of t h e  Phase 2 c h a r a c t e r i z a t i o n  experiments have been 
completed. The r e s u l t s  of  t h i s  research ,  conducted between Apr i l  1 and 
November 31, 1987, a r e  presented  i n  t h e  fol lowing s e c t i o n s .  
2 .  Progress  on Experimental Resul t s  and Discussions 
a .  Phase 1: Alloy Charac t e r i za t ion ,  Corrosion Behavior , 
Short  Fa t igue  Crack Experimental llethods and I n t r i n s i c  
Fa t igue  Crack Propagation f o r  Moist A i r  
i . Alloy Chemistry , Micros t ruc ture  and Elechanical 
P r o p e r t i e s  
Alloy 2090, an Al-Li-Cu-Zr m a t e r i a l  i n  r o l l e d  p l a t e  
(38 .1  mm t h i c k ) ,  has been s e l e c t e d  f o r  t h i s  s tudy .  Alloy 7075-T651 
(Al-Zn-Pig-Cu) m a t e r i a l ,  a l s o  i n  r o l l e d  p l a t e  form (63.5 mm t h i c k ) ,  was 
s e l e c t e d  a s  a r e fe rence  ma te r i a l .  Alloy 2090 was provided i n  t h e  
s o l u t i o n  t r e a t e d  and s t r e t c h e d  (62) cond i t ion ,  and Alloy 7075 m a t e r i a l  
was provided i n  t h e  peak aged T651 condi t ion .  Both p l a t e s  were suppl ied  
by Messrs Colvin and Bretz of t h e  Alcoa Technical Center .  Chemical 
ana lyses ,  conducted on s p e c i f i c  samples of  each p l a t e  by Alcoa, y i e lded  
t h e  compositions given i n  Table 1. 
Table 1: 
Chemical Composition (by weight percent)’  
Alloy 2090 
L i  Cu Z r  Fe S i  Pin Plg C r  N i  T i  Na 
2.14 2.45 0 . 0 9  0.05 0.04 0 . 0 0  0 . 0 0  0 . 0 0  0 .00  0 . 0 1  0.001 
Alloy 7075 
Zn Elg Cu C r  Z r  Fe S i  Pln N i  T i  Na 
5.74 2.31 1 .58  0.20 0 . 0 1  0 .26 0.10 0.05 0 . 0 1  0.05 0 .000  
Zn Ca 
0 .01  0.0005 
Ca L i  
0 .0001  0 .000  
e 
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The mic ros t ruc tu re  of Alloy 2090 i s  shown i n  Figure 2 .  Large 
f l a t t e n e d  and elongated g r a i n s  a r e  o r i e n t e d  with t h e  major dimension 
along t h e  r o l l i n g  ( l o n g i t u d i n a l )  d i r e c t i o n .  Grain s i z e  measurements, 
performed f o r  t h e  t r a n s v e r s e  and s h o r t  t r a n s v e r s e  d i r e c t i o n s ,  y i e lded  
average va lues  of 3 . 3  mm and 0 . 1 1  m m ,  r e spec t ive ly .  The g r a i n  sizes i n  
t h e s e  d i r e c t i o n s  a r e  of i n t e r e s t  because s h o r t  f a t i g u e  crack growth w i l l  
be cha rac t e r i zed  f o r  t h e  long i tud ina l - t r ansve r se  and long i tud ina l - sho r t  
o r i e n t a t i o n ,  a s  d i scussed  below. The s t r u c t u r e  i s  gene ra l ly  
u n r e c r y s t a l l i z e d ,  wi th  low angle  boundaries forming a c e l l u l a r  
s t r u c t u r e  cha rac t e r i zed  by a subboundary g r a i n  s i z e  which i s ,  a s  
y e t ,  undetermined. 
The p r e c i p i t a t i o n  s t rengthening  c h a r a c t e r i s t i c s  of Alloy 2090 
a r e  shown i n  Figure 3 and 4 f o r  aging temperatures  of 130°C and 16OoC, 
r e s p e c t i v e l y .  The peak aged condi t ion  i s  employed f o r  a l l  experiments 
i n  Phases 1 and 2.  Peak aged mechanical p r o p e r t i e s  a r e  given i n  Table  2 
f o r  both Alloy 2090 and 7075. 
Table 2 :  
Mechanical P rope r t i e s  of Peak Aged N a t e r i a l  
Alloy 2090 
Temp ( " C )  Time ( h r s )  (PlPa) (FlPa) (0;) Orient  a t  ion  
Aging Aging Yield U 1  t imat e E long. 
Long -Trans 190 4 496 5 1 7  
160 16 ( 2 0 )  505 (500) 530(537) (6) Long-Trans 
160 (20) (525 1 (55 1)  (6) Trans 
160 ( 2 0 )  (437 1 (455 1 (3 .5)  Short  -Trans 
- - - - -  
Alloy 7075 
Temp ("C) Time (h r s  ) (FlPa) (EfPa) (0;) Orien ta t  ion  
T-651 condi t ion  (466) (540) (11.8)  Long-Trans 
T-65 1 condi t ion  (432 1 (500) (2 .9)  Short  -Trans 
Aging Aging Yield U l t  imate Elong. 
e 
( ) - Resul t s  suppl ied  by Alcoa 
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A d e t a i l e d  t ransmission e l e c t r o n  microscopy (TEPI) a n a l y s i s  of peak 
aged Alloy 2090 has been completed. The p r e c i p i t a t e s  t h a t  have been 
i d e n t i f i e d  a r e  6 '  (A13Li), 0 '  (A12Cu), TI (A12CuLi), and T2 (A16CuLi3). 
6', TI,  and 0 '  were found t o  be d i s t r i b u t e d  throughout t h e  ma t r ix .  
p r e c i p i t a t e s  a r e  loca t ed  a t  high angle  g r a i n  boundaries.  Large 6 '  
p r e c i p i t a t e  f r e e  zones a r e  loca t ed  ad jacen t  t o  t h e  high angle  g r a i n  
boundaries .  Increased concen t r a t ions  of T were observed a t  low angle  
boundaries .  The inc reased  amount of sub boundary T p r e c i p i t a t e s  i s  
a s s o c i a t e d  wi th  a r eg ion  of decreased 6', forming a narrow 
6 '  denuded zone along t h e  subboundary. These r e s u l t s  a r e  c o n s i s t e n t  
w i th  ex tens ive  microscopic s t u d i e s  conducted by a t  UVa by Cassada, 
S h i f l e t  and S ta rke .  De ta i l ed  micrographs w i l l  be presented i n  t h e  f i n a l  
r e p o r t  f o r  year  1. 
T2 
1 
1 
Alloy 7075  w i l l  be c h a r a c t e r i z e d  during t h e  next  r e p o r t i n g  
p e r i o d .  Work t o  d a t e  e s t a b l i s h e s  t h a t  each of t h e  m a t e r i a l s  chosen f o r  
s tudy  a r e  r e p r e s e n t a t i v e  of c u r r e n t  q u a l i t y  2090 and 7075 .  
ii. Electrochemical Corrosion Tes t ing  
Potentiodynamic and constant  p o t e n t i a l  
e l ec t rochemica l  t e s t s  were performed t o  c h a r a c t e r i z e  t h e  gene ra l  and 
l o c a l i z e d  co r ros ion  p r o p e r t i e s  of Alloy 2090 i n  aqueous NaCl 
environments. The o b j e c t i v e  of t h e  potentiodynamic p o l a r i z a t i o n  tes ts  
was t o  determine breakaway ( p i t t i n g )  p o t e n t i a l s  and pass ive  r eg ion  
co r ros ion -mic ros t ruc tu re  r e l a t i o n s  f o r  d i f f e r e n t  p r e c i p i t a t i o n  
s t r eng thened  cond i t ions  of t h e  a l l o y  and f o r  va r ious  NaCl 
concen t r a t ions .  Based on t h e  r e s u l t s  of t h e s e  t e s t s ,  s p e c i f i c  cons t an t  
p o l a r i z a t i o n  p o t e n t i a l s  and a N a C l  concen t r a t ion  were s e l e c t e d  f o r  
aqueous co r ros ion  f a t i g u e  experiments.  The cons t an t  p o t e n t i a l  
experiments were performed t o  s tudy t h e  co r ros ion  c h a r a c t e r i s t i c s  of 
specimens exposed t o  t h e  aqueous NaCl environment a t  cons t an t  p a s s i v e  
region p o t e n t i a l s .  
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Specimens were prepared by hea t  t r e a t i n g  38.1 mm t h i c k  p l a t e  
m a t e r i a l  t o  peak aged ( 4  h r s  a t  190°C) and overaged ( 2 2  h r s  a t  190°C) 
c o n d i t i o n s ,  by machining a 25.4  mm x 2 5 . 4  mm x 12.7 mm specimen from t h e  
p l a t e  midsection and by p o l i s h i n g  t h e  r o l l i n g  plane s u r f a c e  ( 2 5 . 4  mm x 
2 5 . 4  mm f a c e )  a s  fol lows:  
e 
180, 3 2 0 ,  4 0 0 ,  6 0 0 ,  2 4 0 0 ,  4000 g r i t  S i c  
15 pm, 5 pm, 1 pm A1203 
0 . 0 6  u m  S i l i c a  
A n i c k e l  w i re  was spo t  welded t o  t h e  edge s u r f a c e  of t h e  specimen which 
was i n  t u r n  mounted t o  a p l e x i g l a s s  e lectrochemical  t e s t  c e l l .  A t e f l o n  
r i n g  (1 c m 2  exposed inne r  a r e a )  was placed between t h e  pol ished s u r f a c e  
of t h e  specimen and t h e  aqueous environment. The t e f l o n  r i n g  contained 
a k n i f e  edge t o  minimize con tac t  a r e a  and t o  l i m i t  c r e v i c e  co r ros ion  a t  
t h e  cell-specimen i n t e r f a c e .  A platinum counter  e l e c t r o d e  was used t o  
p o l a r i z e  t h e  working e l e c t r o d e  (specimen) and a s t anda rd  s a t u r a t e d  
calomel e l e c t r o d e  (+0.227 V versus  t h e  s t anda rd  hydrogen e l e c t r o d e )  was 
used a s  t h e  r e fe rence .  
Extreme c a r e  was taken p r i o r  t o  t e s t i n g  t o  r i d  t h e  
e l ec t rochemica l  t e s t  apparatus  of oxygen. The e l e c t r o l y t e  was s t o r e d  i n  
a r e s e r v o i r  where t h e  N a C l  s o l u t i o n  was deaerated (using high p u r i t y  
helium) f o r  a minimum of 4 hours p r i o r  t o  t r a n s f e r r i n g  t o  t h e  helium 
purged electrochemical  c e l l .  Upon t h e  i n t r o d u c t i o n  of t h e  e l e c t r o l y t e  
t o  t h e  c e l l ,  vigorous d e a e r a t i o n  with helium was continued f o r  15 t o  24 
hours while  t h e  specimen was held a t  a p o t e n t i o s t a t i c a l l y  c o n t r o l l e d  
cons t an t  p o t e n t i a l  of -1 .00 V (SCE). This  va lue  i s  t h e  approximate f r e e  
co r ros ion  p o t e n t i a l  of Alloy 2090 i n  deae ra t ed  NaCl s o l u t i o n .  
A l l  potentiodynamic p o l a r i z a t i o n  t e s t i n g  was conducted a t  a 
sweep r a t e  of 2 mV/sec. The t e s t s  were i n i t i a t e d  by f i r s t  scanning i n  
t h e  ca thod ic  d i r e c t i o n .  The p o t e n t i a l  was reversed t o  t h e  anodic 
d i r e c t i o n  once a s l i g h t  ca thod ic  c u r r e n t  was d e t e c t e d ,  t y p i c a l l y  a t  a 
vo l t age  of between - 1 . 2 0  V and - 1 . 3 0  V SCE. The specimen was anod ica l ly  
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p o l a r i z e d  through t h e  pas s ive  region and pas t  t h e  p i t t i n g  p o t e n t i a l .  
Once a s i g n i f i c a n t  anodic (breakaway) c u r r e n t  was reached (100 p a ) ,  t h e  
specimen was again p o l a r i z e d  i n  t h e  ca thod ic  d i r e c t i o n  u n t i l  t h e  
r e p a s s i v a t i o n  p o t e n t i a l  was reached, t h a t  is  a t  t h e  p o t e n t i a l  
corresponding t o  t h e  o r i g i n a l  pas s ive  region c u r r e n t .  A t  t h i s  p o i n t  t h e  
experiment was terminated,  t h e  specimen was removed from t h e  c e l l ,  d r i e d  
and immediately examined using o p t i c a l  microscopy. 
The p o l a r i z a t i o n  response of specimens exposed t o  a e r a t e d  NaCl 
s o l u t i o n  e x h i b i t e d  l i t t l e  pass ive  region.  Deaeration was r equ i r ed  t o  
l i m i t  t h e  ox ida t ion  reduct ion r e a c t i o n  and t o  s h i f t  t h e  open c i r c u i t  
p o t e n t i a l  c a t h o d i c a l l y  from t h e  p i t t i n g  p o t e n t i a l .  The l a r g e  pas s ive  
r eg ion ,  produced by d e a e r a t i o n ,  allowed constant  anodic p o l a r i z a t i o n  of 
specimens without e n t e r i n g  t h e  p i t t i n g  regime. The p i t t i n g  p o t e n t i a l  
was e a s i l y  obtained f o r  t h i s  m a t e r i a l .  Passive region c u r r e n t  i nc reased  
l i n e a r l y  wi th  inc reas ing  p o t e n t i a l  u n t i l  t h e  breakaway l e v e l  was 
reached. A t  breakaway, a sudden inc rease  i n  anodic c u r r e n t  e s t a b l i s h e d  
t h e  p i t t i n g  p o t e n t i a l .  
F igu re  5 r evea l s  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  p i t t i n g  
p o t e n t i a l  of peak aged and overaged Alloy 2090 f o r  d i f f e r e n t  
concen t r a t ions  of deaerated NaCl s o l u t i o n s .  The d i f f e r e n t  s lopes  of t h e  
peak aged and overaged p i t t i n g  p o t e n t i a l  dependencies suggest  a l t e r e d  
p a s s i v e  f i l m  c h a r a c t e r i s t i c s .  The increased p i t t i n g  s u s c e p t i b i l i t y  of 
overaged Alloy 2090 may i n d i c a t e  t h e  formation of new or  l a r g e r  
e l ec t rochemica l ly  a c t i v e  p r e c i p i t a t e s ,  and/or a general  degradat ion of 
p a s s i v e  f i l m  p r o t e c t i o n  due t o  a l t e r e d  s u r f a c e  f i lm  chemistry.  A s  
c h l o r i d e  ion  content  i s  increased t o  3 . 5 2  NaC1, both aging t r ea tmen t s  
become equa l ly  s u s c e p t i b l e  t o  p i t t i n g .  This  behavior suggests  t h a t  t h e  
c h l o r i d e  ion  content  of 3 . 5 %  NaCl s o l u t i o n  promotes a gene ra l  
degradat ion of t h e  pas s ive  f i l m  t h a t  could mask important 
environmental/microstructural i n t e r a c t i o n s .  
Constant p o t e n t i a l  t e s t s  were conducted a t  app l i ed  values  
ranging from -1.000 V t o  -0 .700  V SCE i n  deaerated NaCl s o l u t i o n  ( 0 . 1  
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and 0 . 7  wt?;). Both peak aged and overaged ma te r i a l  were exposed f o r  12 
hours;  t h e  exposed su r faces  were then examined f o r  l oca l i zed  cor ros ion  
us ing  o p t i c a l  and scanning e l e c t r o n  microscopy. Resul t s  show t h a t  
c o n s t i t u e n t  p a r t i c l e s  and low angle  boundary phases (T ) a r e  s i t e s  of 
l o c a l i z e d  cor ros ion .  Cons t i tuent  p a r t i c l e s  (A1 Cu Fe phase ( 2 1 ) )  , r e f e r  
t o  EDX a n a l y s i s  shown i n  Figure 6a and 6b, were observed t o  f r e e l y  
corrode a t  p o t e n t i a l s  100 mV anodic t o  t h e  deaera ted  open c i r c u i t  
p o t e n t i a l  and wel l  below t h e  macroscopic breakaway p o t e n t i a l .  
Shown i n  F igure  7 i s  a t y p i c a l  s t i n g e r  of p i t s ,  formed by 
loca l i zed  a t t a c k  of s t r i n g e r e d  c o n s t i t u e n t  p a r t i c l e s .  This  peak aged 
specimen was maintained a t  a p o t e n t i a l  of -0 .700  V SCE (open c i r c u i t  
of -1 .100  V SCE) while  exposed t o  0.1% NaCl s o l u t i o n  f o r  5 days.  
1 
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Attack of phases a t  subboundaries is i l l u s t r a t e d  i n  F igures  
8a,  8c  and 8d, which a r e  success ive ly  h igher  magnif icat ion micrographs 
showing t h e  loca l i zed  co r ros ion  of t h e  same a r e a .  This  peak aged 
specimen was exposed t o  0.1% NaCl s o l u t i o n  f o r  3.5 days a t  a cons tan t  
p o t e n t i a l  of -1 .000  V SCE. The etched but  unexposed su r face  of t h e  same 
specimen, Figure 8b, r evea l s  t h e  subboundary s t r u c t u r e .  A comparison of 
F igure  8a (exposed) and Figure 8b (e tched ,  unexposed) r evea l s  t h a t  
l o c a l i z e d  co r ros ive  a t t a c k  occurs  a t  s i t e s  along low angle  g r a i n  
boundaries .  Examinat i on ,  a t  h igher  magni f ica t ion  shows t h a t  
s u r f a c e  a t t a c k  occurs  a t  small  d i s c r e t e  regions a l igned  along t h e  
sub-boundaries.  Based on TEPl examination, o n l y  TI p r e c i p i t a t e s  
a r e  l o c a l i z e d  on sub-boundaries .  These r e s u l t s  suggest  t h a t  t h e  
aluminum-copper-lithium phases (T1 and poss ib ly  T2) a r e  
s u s c e p t i b l e  t o  co r ros ion .  These r e s u l t s  w i l l  f a c i l i t a t e  
i n t e r p r e t a t i o n  of scanning e l e c t r o n  fractography of co r ros ion  
f a t i g u e  crack s u r f a c e s .  
Based on t h e  p o l a r i z a t i o n  d a t a  and o t h e r  cons ide ra t ions ,  a 1 
w t X  NaCl environment was chosen f o r  aqueous cor ros ion  f a t i g u e  t e s t i n g .  
While lower concent ra t ions  allow a wider range of anodic p o l a r i z a t i o n  
before  p i t t i n g ,  most l i t e r a t u r e  co r ros ion  f a t i g u e  experiments a r e  
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conducted with 3.500 NaCl o r  more complex seawater .  Also, because of t h e  
co r ros ion  f a t i g u e  c e l l  geometry, very low i o n i c  concen t r a t ions  r e s u l t  i n  
a l a r g e  s o l u t i o n  I R  drop which l i m i t s  t h e  range of p o l a r i z a t i o n  and 
which complicates r e fe rence  e l e c t r o d e  measurements. 
iii. S e l e c t i o n  of Heat Treatments f o r  Corrosion Fat iyue 
Since t h e  number of chemical environment and 
mechanical loading v a r i a b l e s  which c r i t i c a l l y  in f luence  co r ros ion  
f a t i g u e  i s  l a r g e ,  it is  necessary t o  emphasize a s i n g l e  aged 
mic ros t ruc tu re  i n  t h e  c u r r e n t  s tudy .  Once such v a r i a b l e s  a r e  
s y s t e m a t i c a l l y  c h a r a c t e r i z e d  and understood, f u t u r e  work can examine 
m i c r o s t r u c t u r a l  e f f e c t s  based on proper s e l e c t i o n  and c o n t r o l  of t h e  
r e l e v a n t  environment and mechanical system parameters.  
The peak aged cond i t ion  ( 4  hours a t  190°C) of Alloy 2090 was 
s e l e c t e d  f o r  Phase 1 and 2 cor ros ion  f a t i g u e  experimentation because of 
t h e  main o b j e c t i v e  of examining t h e  e f f e c t s  of T and T phases on crack 
growth. P o l a r i z a t i o n  s t u d i e s  i n d i c a t e  t h a t  t h e  Li-Cu con ta in ing  
p r e c i p i t a t e s  a r e  environmentally s u s c e p t i b l e .  TEN a n a l y s i s  of peak aged 
m a t e r i a l  has shown t h a t  t h e s e  phases concen t r a t e  a t  high energy s i t e s  
such a s  sub boundaries (T  ) and high angle  g r a i n  boundaries (T ) .  With 
t h i s  mic ros t ruc tu re  and s h o r t  crack techniques,  it may be p o s s i b l e  t o  
i s o l a t e  t h e  crack f r o n t  i n t e r a c t i o n  with e i t h e r  t h e  TI phase on 
subboundaries o r  t h e  T 
1 2 
1 2 
phase on high angle  g r a i n  boundaries.  2 
Underaged Alloy 2090 con ta ins  a more uniform concen t r a t ion  of 
TI phase and l i t t l e ,  i f  any, T p r e c i p i t a t i o n .  Based on co r ros ion  
s t u d i e s  and prel iminary aqueous co r ros ion  f a t i g u e  f r a c t u r e  s u r f a c e  
examination, over aged m a t e r i a l  e x h i b i t s  a high degree of p i t t i n g  which 
masks f r a c t u r e  s u r f a c e  d e t a i l .  
2 
S tud ie s  of cons t an t  o r  monotonically inc reas ing  environmental 
cracking of A 1 - L i  a l l o y s  show t h a t  t h e  degree of aging is  a c r i t i c a l  
v a r i a b l e .  Resul ts  a r e  c o n f l i c t i n g  and t h e  p r e c i s e  e f f e c t  of aging 
remains u n c e r t a i n  i n  a general  s ense .  The co r ros ion  f a t i g u e  s e n s i t i v i t y  
of t h e  peak aged mic ros t ruc tu re  is  a reasonable  s t a r t i n g  i s s u e  t o  
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address .  Work by Lin and S ta rke  shows t h a t  t h e  peak aged condi t ion  of 
Alloy 7075 is  most s u s c e p t i b l e  t o  co r ros ion  f a t i g u e  crack propagat ion by 
a presumed hydrogen embrit t lement mechanism ( 2 2 ) .  
F i n a l l y ,  t h e  major i ty  of co r ros ion  f a t i g u e  crack propagat ion 
s t u d i e s  have been performed on peak aged aluminum a l l o y s  i n  t h e  2000 and 
7000 series. The behavior of peak aged 2030 should be d i r e c t l y  
comparable t o  t h e s e  l i t e r a t u r e  d a t a .  
i v .  Small Fa t igue  Crack Experimental Methods 
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Small crack cor ros ion  f a t i g u e  propagat ion 
experiments a r e  being conducted wi th  a specimen conta in ing  a s i n g l e  edge 
c rack  grown from an i n i t i a t i n g  micronotch. Twenty specimens of t h e  type  
shown i n  F igure  9 have been machined success fu l ly  from t h e  aluminum 
a l l o y  p l a t e s  and inc luding  0 .25  mm deep micronotches f a b r i c a t e d  by 
e l e c t r o s p a r k  d ischarge  machining methods. These specimens a r e  provided 
by t h e  C inc inna t i  Tool Company a t  a cos t  of $250 t o  $300 per  p i ece .  The 
stress i n t e n s i t y  equat ion ,  t h e  a n a l y s i s  f o r  q u a l i f i c a t i o n  under t h e  
small  s c a l e  o r  n e t  s e c t i o n  y i e l d i n g  c r i t e r i a  and t h e  method f o r  
programmed s t r e s s  i n t e n s i t y  con t ro l  a r e  descr ibed  i n  Appendix I .  
1) E l e c t r i c a l  P o t e n t i a l  Di f fe rence  
(P.D.) Technique 
The e l e c t r i c a l  p o t e n t i a l  d i f f e r e n c e  
technique  i s  being employed fo r  continuous crack length  measurement. 
The experimental  s e tup  is  shown i n  F igure  10. A cons tan t  d i r e c t  cu r ren t  
of  between 8 and 15 amperes i s  app l i ed  t o  t h e  specimen through t h e  
loading  f i x t u r e .  Two 0.127 mm diameter  copper p o t e n t i a l  drop probes a r e  
s p o t  welded wi th in  a s p e c i f i e d  d i s t a n c e  from t h e  micronotch. The 
p o t e n t i a l  d i f f e r e n c e  is ampl i f ied  by 10 , measured, and converted from 
an analog t o  d i g i t a l  s i g n a l  t h a t  i s  input  t o  a computer where a l l  t e s t  
func t ions  a r e  au tomat ica l ly  c o n t r o l l e d .  Using an a n a l y t i c a l  c a l i b r a t i o n  
procedure (Laplacian a n a l y s i s ) ,  crack length  is  computed f o r  each 
measured va lue  of e l e c t r i c a l  p o t e n t i a l .  A s  i n  previous s t u d i e s  wi th  
f e r rous  and n i c k e l  based a l l o y s  (23 ) ,  crack growth r e s o l u t i o n  of less 
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than 5 pm has been achieved. Crack growth r a t e s  a r e  computed f o r  each 
crack depth va lue  us ing  s t anda rd  ASTEl E647 methods ( 2 4 ) .  Associated 
crack t i p  s t r e s s  i n t e n s i t i e s  a r e  c a l c u l a t e d  us ing  methods descr ibed i n  
Appendix I .  
During t h i s  r e p o r t i n g  pe r iod ,  w e  have s u c c e s s f u l l y  
demonstrated t h e  a p p l i c a t i o n  of t h e  e l e c t r i c a l  p o t e n t i a l  method t o  
aluminum a l l o y s ,  r e p r e s e n t i n g  t h e  f i r s t  use of t h i s  approach f o r  t h i s  
c l a s s  of m a t e r i a l s .  P o t e n t i a l  probes were a t t ached  t o  aluminum Alloy 
2090 and 7075 specimens; j o i n t s  d i d  not  p r e f e r e n t i a l l y  corrode and 
de tach  during prolonged exposures t o  aqueous c h l o r i d e  environments. The 
r e s i s t i v i t y  of aluminum i s  about 25% t h a t  of s t e e l s  and n i c k e l  based 
a l l o y s ;  r e s u l t i n g  p o t e n t i a l  d i f f e r e n c e s  f o r  small cracks a r e  
p r o p o r t i o n a t e l y  l e s s .  None-the-less,  p o t e n t i a l s  on t h e  o rde r  of 50 t o  80 
pV f o r  t h e  aluminum a l l o y  samples were measured with + 0 . 1  pV 
s e n s i t i v i t y .  The s i g n a l  i s  s u f f i c i e n t l y  s t a b l e  compared t o  t h e  s e v e r a l  
day t i m e  frame of co r ros ion  f a t i g u e  experiments t o  render accu ra t e ,  low 
frequency crack growth rates. 
The a n a l y s i s  used f o r  c o r r e l a t i n g  p o t e n t i a l  d i f f e r e n c e  t o  crack 
l eng th  i s  based on a c losed  form s o l u t i o n  of Laplace 's  equat ion de r ived  
f o r  i n f i n i t e  p l a t e  boundary cond i t ions  ( 2 5 ) .  The Laplacian a n a l y s i s  was 
used so  t h a t  accu ra t e  c rack  length measurements could be maintained as 
t h e  crack i n i t i a t e s  and propagates from t h e  micronotch. An a l t e r n a t e  
approach, Johnson's equat ion ( 2 6 ) ,  can only  be used f o r  crack l eng th  
measurement a f t e r  t h e  c rack  has grown some f i n i t e  l eng th  away from t h e  
no tch .  A comparison of t h e  Laplacian a n a l y s i s  and Johnson's equat ion is  
shown i n  Figure 11 f o r  t h e  s h o r t  crack specimen. Elost experimentation 
w i l l  be  performed f o r  a/W ( 0 . 4 .  Figure 11 shows t h a t  both a n a l y s i s  
techniques y i e l d  r e s u l t s  w i th in  50; f o r  t h e s e  s h o r t  crack l eng ths .  
Nei ther  a n a l y s i s  method i s  r igo rous ly  c o r r e c t  f o r  t h e  f i n i t e ,  notched 
specimen s t u d i e d ;  experiments a r e  r equ i r ed  t o  t e s t  t h e  c a l i b r a t i o n  
procedure.  
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Experiments were performed us ing  4130 and 
4340 s t e e l s  and aluminum a l l o y s  t o  demonstrate t h a t  developed methods 
accu ra t e ly  monitor f a t i g u e  crack growth i n  t h e  environments of i n t e r e s t  
( a i r ,  helium and aqueous NaC1). Results, compared t o  re ferenced  d a t a ,  
show t h a t  specimen des ign ,  e l e c t r i c a l  p o t e n t i a l  measurement accuracy,  
computer c o n t r o l  methods and specimen loading apparatus  used f o r  
aluminum a l l o y  research  do not  anomalously a l t e r  experimental  r e s u l t s .  
The accuracy of t h e  Laplacian c a l i b r a t i o n  procedure i s  
demonstrated i n  F igure  12 .  P l o t t e d  a r e  p red ic t ed  crack l eng ths ,  
c a l c u l a t e d  from p o t e n t i a l  d i f f e r e n c e  measurements of smal l  
f a t i g u e  c racks ,  compared t o  a c t u a l  crack lengths  taken from 
o p t i c a l  o r  SEN f r a c t u r e  su r face  measurements. Each d a t a  p o i n t  
r ep resen t s  a s i n g l e  specimen. These r e s u l t s  confirm t h a t  
accuracy is  maintained f o r  t h e  range of crack lengths  r e l evan t  t o  
t h i s  s tudy .  Specimen t o  specimen crack length  measurement e r r o r s  f o r  
aluminum a l l o y s  a r e  less than +15": and comparable t o  those  obtained f o r  
s teels  and n i c k e l  based a l l o y s  ( 2 3 ) .  Since t h e  e r r o r  is random, t h e  
r e s u l t s  shorjn i n  Figure 12 support  t h e  usage of t h e  Laplacian a n a l y s i s  
compared t o  t h e  Johnson approach. From Figure  11, t h e  l a t t e r  p r e d i c t s  
c rack  l eng ths  which are between 1 and 10% less than va lues  c a l c u l a t e d  
from t h e  Laplacian s o l u t i o n .  
A l l  f a t i g u e  crack growth r a t e  and stress i n t e n s i t y  va lues  a r e  
co r rec t ed  f o r  c rack  length  measurement e r r o r s ,  up t o  f15"i i n  magnitude, 
based on l i n e a r  apportionment of t h e  d i f f e r e n c e  between f i n a l  p red ic t ed  
and measured c rack  l eng th .  The magnitude of e r r o r  shown i n  Figure 12 
does not  s i g n i f i c a n t l y  a f f e c t  t h e  growth k i n e t i c s  of i n t e r e s t .  I n  f a c t  
t h e  c o r r e c t i o n  procedure w i l l  a l s o  account f o r  t h e  a d d i t i o n a l  e r r o r  
introduced by t h e  use of Johnson 's  equat ion.  Some c a r e  m u s t  be 
exerc ised  regard ing  t h e  e f f e c t  of c rack  length  e r r o r s  on t h e  accuracy of 
r e a l  t ime,  cons tan t  stress i n t e n s i t y  c o n t r o l .  Such e r r o r s  a r e  
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compounded by crack surface contact and electrical potential shorting 
phenomena. 
Fatigue crack growth rate data, obtained by applying the 
developed methods to low alloy steels, are in excellent agreement with 
literature results for moist air, purified helium and aqueous chloride 
with applied cathodic polarization. The results of three experiments 
performed in air are shown in Figure 13, and include two constant cyclic 
stress intensity tests (4130SClA and 4130SC2A) conducted at high stress 
ratio (R=0.6) and a programmed decreasing AK experiment (C=-0.3/m) also 
at constant R=0.6. For constant AK loading, the linearity of measured 
crack length versus load cycle data was excellent. Excellent agreement 
exists between 4130 results and fatigue crack growth data for a 
comparable API Grade E-75 steel (27). 
A metal gasket sealed vacuum chamber, equipped with a 44.5 kN 
(10 kip) servohydraulic loading frame and capable of an atmosphere of 1 
VPa ( 1 ~ 1 0 - ~  torr), will be used for all high purity gaseous atmosphere 
testing. Two constant AK tests (R=0.6) were performed in high purity 
helium (4340SClA and 4340SClB) to demonstrate intrinsic crack growth in 
inert gaseous environments. Prior to testing, the vacuum chamber was 
evacuated to 3 vPa ( 3 ~ 1 0 - ~  torr) and backfilled with high purity 
helium (99.998";), further purified by passage through an immersed liquid 
nitrogen cold trap. Crack length increased linearly with load cycles up 
to a crack depth of 3 mm. Crack growth rates calculated by linear 
regression analysis are in excellent agreement with the referenced 
fatigue crack growth characteristics of 4340 steel, shown in Figure 14 
(28). Experiments with the vacuum system demonstrated that specimen 
rotation is impeded for longer cracks and the actual applied stress 
intensity is less than that given by the equation. Crack growth rates 
accordingly decrease. All experiments with aluminum alloys will be 
limited in crack length to avoid this error. 
Aqueous environment corrosion fatigue crack propagation 
experiments will be performed in the plexiglass cell represented 
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diagrammatically in Figure 15 and described in Appendix I. This 
cell was employed to characterize corrosion fatigue crack 
propagation in 4130 steel exposed to deaerated 3.00; NaCl at an 
applied cathodic potential of -1000 mV (SCE). Two constant AK 
tests (4130SC3A and 4130SC3B) yielded linear cyclic crack length 
data. Crack growth rates from least squares analysis are in 
excellent agreement with the corrosion fatigue crack growth 
characteristics of a comparable steel, API-2H, of equivalent 
yield strength and microstructure (29). This comparison is shown 
in Figure 16. 
3) Conclusions 
The direct current electrical potential 
method, as implemented at the University of Virginia, accurately 
monitors fatigue crack propagation in both steels and aluminum alloys 
exposed to a variety of benign and corrosive environments. These 
methods, demonstrated for the first time for short cracks in aluminum 
alloys, are now available for application to the study of 
microstructural and environmental effects on intrinsic fatigue crack 
propagation in aluminum Alloys 2090 and 7075. 
v. Intrinsic Fatigue Crack Propagation 
Investigators have recently shown that the 
significantly increased fatigue crack growth resistance of Al-Li-Cu 
alloys is attributed to extrinsic crack tip shielding by crack closure 
and deflection mechanisms (17,30). The relevance of extrinsic fatigue 
crack growth resistance to mechanistic studies and to a variety of 
loading histories and component geometries is unclear. The objective of 
the current study is to eliminate interfering extrinsic effects in order 
to study intrinsic environmental fatigue crack propagation, a basic 
material property. We believe that such data are more easily 
interpreted from a mechanistic perspective and are perhaps most relevant 
to general life prediction exercises. 
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E x t r i n s i c  crack c l o s u r e  e f f e c t s  a r e  e s s e n t i a l l y  e l imina ted  by high 
mean stress loading above about R(Kmin/Kmax )=0.5 ,  by s h o r t / s m a l l  crack 
lengths  wi th  reduced wakes and by f i n e  s c a l e  mic ros t ruc tu res .  From 
t h e s e  c o n s i d e r a t i o n s ,  var ious t es t  techniques have been used i n  an 
attempt t o  monitor i n t r i n s i c  f a t i g u e  crack growth i n  high s t r e n g t h  A 1 - L i  
a l l o y s .  F igu re  1 7  i l l u s t r a t e s  f a t i g u e  crack growth c h a r a c t e r i z e d  by a 
m i c r o s t r u c t u r a l l y  small  crack technique ( s u r f a c e  r e p l i c a t i o n  - ;':) (31), 
a long crack - high and inc reas ing  s t r e s s  r a t i o  (R) method (crack mouth 
opening gage - A )  ( 3 2 )  and long crack - low R t e s t i n g  (crack mouth 
opening gage - 0 )  ( 3 0 ) .  These d a t a  r evea l  a s i g n i f i c a n t  d i f f e r e n c e  i n  
t h e  measured f a t i g u e  crack growth c h a r a c t e r i s t i c s  of t h e  Al-Li-Cu a l l o y .  
The inc reased  f a t i g u e  crack growth behavior measured by high R t e s t i n g ,  
compared t o  low R t e s t  r e s u l t s ,  i s  a t t r i b u t e d  t o  reduced e x t r i n s i c  crack 
c l o s u r e  e f f e c t s  ( 3 3 ) .  The small crack growth r e s u l t s  a r e  not  inf luenced 
by r e t a r d i n g  crack c l o s u r e ,  and a l s o  r evea l  enhanced growth r a t e s  a t  
very low s t r e s s  i n t e n s i t i e s .  This l a t t e r  e f f e c t  i s  a t t r i b u t e d  t o  t h e  
a t y p i c a l l y  l a r g e  crack t i p  opening p l a s t i c  s t r a i n s  which occur when a 
small  c r ack  is  encased wi th in  one o r  two g r a i n s  ( 3 3 ) .  These d a t a  
suggest  t h a t  m i c r o s t r u c t u r a l  small  cracks (dimensions less than  a g r a i n  
s i z e )  e x h i b i t  no i n t r i n s i c  f a t i g u e  crack growth th re sho ld .  
The r e s u l t s  shown i n  Figure 1 7  c l e a r l y  i l l u s t r a t e  how e x t r i n s i c  
e f fec ts ,  such a s  crack t i p  s h i e l d i n g ,  can a l t e r  t h e  t r u e  f a t i g u e  crack 
growth c h a r a c t e r i s t i c s  of A 1 - L i  a l l o y s  by reducing crack t i p  mechanical 
d r i v i n g  f o r c e s .  These d a t a  provide a s t a r t i n g  po in t  f o r  t h e  c u r r e n t  
experiments.  
For t h e  c u r r e n t  s tudy ,  t h r e e  high s t r e s s  r a t  i o  
experimental  techniques were used t o  c h a r a c t e r i z e  t h e  f a t i g u e  
crack growth c h a r a c t e r i s t i c s  of Alloy 2090.  These techniques 
include : 
1. Decreasing AK - cons tan t  K and inc reas ing  R ,  us ing t h e  
long crack geometry according t o  t h e  method r e c e n t l y  reviewed 
by Hertzberg and represented i n  Figure 1 7  ( 3 2 ) .  
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2 .  Decreasing AK - cons tan t  R ,  us ing  t h e  s h o r t  crack geometry and 
h igh  R ,  a f t e r  a genera l  method presented by Donald and 
represented  i n  F igure  1 7  ( 3 4 ) .  
3 .  Constant AK - s t e p  increas ing  R a t  cons tan t  K 
t h e  s h o r t  crack geometry. 
and us ing  max 
Long crack t e s t i n g  was conducted using a s i n g l e  edge notched specimen 
( B  = 5.08  m m ,  W = 2 2 . 3 5  m m ,  and notch depth = 5.08 m m ) .  
A l l  s h o r t  crack geometry t e s t i n g  was performed us ing  t h e  
micronotched specimen shown i n  Figure 9 .  I n t r i n s i c  f a t i g u e  crack growth 
was monitored i n  both t h e  long i tud ina l - t r ansve r se  (L-T) and 
long i tud ina l - sho r t  (L-S) o r i e n t a t i o n s  shown i n  Figure 18. These two 
crack  pa th  d i r e c t i o n s  have been s e l e c t e d  t o  opt imize t h e  d i f f e r e n c e  i n  
crack f r o n t  mic ros t ruc tu ra l  condi t ions .  Figure 19 i l l u s t r a t e s  how t h e  
L-T and L-S o r i e n t a t i o n s  w i l l  s i g n i f i c a n t l y  change t h e  high angle  g r a i n  
boundary mic ros t ruc tu re  sampled by t h e  crack f r o n t .  A s  seen i n  Figure 
19a, a flaw propagat ing normal t o  t h e  pancake g r a i n s  i n  t h e  L-S 
o r i e n t a t i o n  is  completely embedded wi th in  one o r  two g r a i n s ,  wi th  t h e  
c rack  f r o n t  sampling/impinging t h e  subgrain mic ros t ruc tu re .  Figure 19b 
shows a flaw i n  t h e  L-T o r i e n t a t i o n  which al lows a g r e a t e r  number (10 t o  
30) of  h igh  angle  g r a i n  boundaries t o  be sampled by t h e  crack f r o n t .  
These c rack  pa ths  may allow unique Phase 3 experiments t o  be performed 
by monitor ing crack growth t r a n s i e n t s  as  s i g n i f i c a n t l y  d i f f e r e n t  
m i c r o s t r u c t u r a l  f e a t u r e s  i n t e r a c t  wi th  t h e  advancing crack f r o n t .  The 
fo l lowing  paragraphs desc r ibe  t h e  r e s u l t s  of experiments t o  c h a r a c t e r i z e  
i n t r i n s i c  f a t i g u e  crack growth i n  t h e  L-T and L-S o r i e n t a t i o n s .  
1 )  L-T Or i en ta t ion  I n t r i n s i c  FCG 
Shown i n  F igure  20 a r e  t h e  f a t i g u e  crack 
growth r e s u l t s  obtained us ing  t h e  micronotched specimen i n  t h e  L-T 
o r i e n t a t i o n .  F igure  20a p resen t s  a micrograph of t h e  su r face  of a s h o r t  
f a t i g u e  c rack  which i l l u s t r a t e s  regions of cons tan t  AK and decreas ing  
AK-constant R propagat ion.  The cons tan t  AK tes t  r e s u l t s ,  represented  as 
a p l o t  of c rack  length  ( a )  versus  cyc les  ( N )  i n  F igure  20b, e x h i b i t  a 
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l i n e a r  s l o p e  which i s  i n d i c a t i v e  of i n t r i n s i c  crack growth over a range 
of crack lengths  from 0.35 t o  0.75 mm.  A continued decrease i n  t h e  
s l o p e  of t h e  a versus  N p l o t  i s  c h a r a c t e r i s t i c  of i n t e r f e r i n g  e x t r i n s i c  
e f f e c t s ,  l i k e l y  due t o  c l o s u r e ,  a s  t h e  wake and d e f l e c t i o n  develop. 
Shown i n  Figure 20b is t h e  average growth r a t e  ( cen te r  region)  and r a t e s  
a t  t h e  beginning and end of t e s t i n g ,  each c a l c u l a t e d  by l e a s t  squares  
a n a l y s i s .  While crack growth j u s t  beyond t h e  notch a f f e c t e d  zone 
(an = 0.30 + 0.03 mm) is  perhaps a t  a s l i g h t l y  (20";) f a s t e r  growth r a t e ,  
l i t t l e  v a r i a t i o n  i n  da/dN is observed f o r  t h e  ma jo r i ty  of t h e  cons t an t  
s t r e s s  i n t e n s i t y  experiment. (Crack growth wi th in  0.03 mm of t h e  notch 
i s  a f f e c t e d  by notch t i p  b lun tness ,  t h e  notch s t r e s s  concen t r a t ion  
e f f e c t  on stress i n t e n s i t y  and t h e  b r i t t l e  melted l a y e r  formed by 
e l e c t r o s p a r k  discharge machining (23) .  This  growth i s  not analyzed by 
f r a c t u r e  mechanics and i s  ignored i n  t h i s  s t u d y ) .  
The r e s u l t s  of t h e  decreasing AK-constant R t e s t ,  shown i n  Figure 
20c, p r e d i c t  a t h re sho ld  c y c l i c  s t r e s s  i n t e n s i t y  range of 2 .2  MPa m 2 .  
Also p l o t t e d  i s  t h e  r e s u l t  of t h e  cons t an t  AK ( 4 . 1  NPa m') t e s t  
r ep resen ted  a s  t h e  range of growth, 1 . 0 3 ~ 1 0  t o  8 . 3 5 ~ 1 0  mm/cycle, f o r  
t h e  crack lengths  given i n  Figure 20b. Comparison of t h e  r e s u l t s  f o r  
t h e  two t e s t s  r e v e a l s  an increased growth r a t e  f o r  constant  AK t e s t i n g  
a t  t h e  s h o r t e r  crack l eng ths .  These r e s u l t s  suggest t h a t  e i t h e r  c r acks  
of l eng th  less than 1 mm e x h i b i t  a c c e l e r a t e d  f a t i g u e  crack growth due t o  
a c r a c k  t i p  s t r a i n  mechanism and/or t h e  decreas ing  AK t e s t  r e s u l t s  were 
inf luenced overload de lay  r e t a r d a t i o n .  This  l a t t e r  i n f luence  is  a 
concern given t h e  high s t r e s s  i n t e n s i t y  shedding r a t e  employed f o r  s h o r t  
crack experimentat ion.  A s  w i l l  be shown i n  a fol lowing s e c t i o n ,  crack 
c l o s u r e  does not  occur f o r  R = 0 . 6 ,  c o n s i s t e n t  with published d a t a  f o r  
Alloy 2090 (30) .  
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-decreasing AK 
experiment was performed using t h e  l a r g e  SEN specimen descr ibed e a r l i e r .  
This geometry allowed adequate crack l eng th  so t h a t  a reduced s t r e s s  
i n t e n s i t y  g r a d i e n t  (C) could be chosen t o  minimize p o s s i b l e  overload 
e f f e c t s  and higher  stress r a t i o s  were examined. The t e s t  was conducted 
Kmax To c l a r i f y  t h e  above r e s u l t s ,  a cons t an t  
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f -1 a t  a cons t an t  K = 16 NPa m , an i n i t i a l  R = 0 . 6 1  and C = - 0 . 1 7 7  mm . 
Closure loads were monitored dur ing  f a t i g u e  t e s t i n g  us ing  a crack mouth 
opening displacement gage. Load versus  d e f l e c t i o n  measurements were 
p e r i o d i c a l l y  obta ined  a s  t h e  c y c l i c  s t r e s s  i n t e n s i t y  was reduced wi th  
inc reas ing  R .  A comparison of specimen compliance, measured before  and 
a f t e r  f a t i g u e  t e s t i n g ,  wi th  t h e  p e r i o d i c  load -de f l ec t ion  r e s u l t s  
revea led  t h a t  c l o s u r e  loads were maintained below 25% of t h e  minimum 
app l i ed  load.  These r e s u l t s  i n d i c a t e  t h a t  e x t r i n s i c  crack c l o s u r e  
e f f e c t s  were e l imina ted  by high R t e s t i n g .  
max 
Crack growth r e s u l t s  shown i n  Figure 2 1  i n d i c a t e  a t h re sho ld  c y c l i c  
stress i n t e n s i t y  of 2 . 1  ElPa m 2 .  A comparison of t h e s e  d a t a  wi th  t h e  
p rev ious ly  d iscussed  decreas ing  AK-constant R t es t  r e s u l t s  i s  shown by 
t h e  i n s e r t  i n  F igure  2 1 .  Good agreement between both AK decreas ing  
techniques sugges ts  t h a t  overload r e t a r d a t i o n  e f f e c t s  have no t  been 
introduced dur ing  t h e  cons tan t  R load shedding experiment and a t r u e  
inc rease  i n  crack growth was observed during t h e  cons tan t  AK t e s t  wi th  
t h e  p h y s i c a l l y  s h o r t  c rack .  
1 
The cons tan t  AI;-step increased  R/constant K method was used t o  
ensure t h e  measurement of i n t r i n s i c  crack growth a t  d i f f e r e n t  l e v e l s  of 
c y c l i c  stress i n t e n s i t y .  This cons tan t  AK technique,  r e s u l t s  shown i n  
F igure  22, allowed each cons tan t  AK l e v e l  t o  be app l i ed  over  a 
s u b s t a n t i a l  crack length  i n t e r v a l  t o  ensure a l i n e a r  a v e r s u s  N response 
and t h u s  s t eady  s t a t e  i n t r i n s i c  growth. Figure 22a i s  t h e  crack l eng th  
versus  loading  cyc les  p l o t  showing t h e  seven AK l e v e l s  of l i n e a r  crack 
growth. To determine i n t r i n s i c  growth c h a r a c t e r i s t i c s ,  each reg ion  was 
p l o t t e d  s e p a r a t e l y  and eva lua ted  f o r  l i n e a r  response.  The f a t i g u e  c rack  
growth a t  each AK was determined by l e a s t  squares  a n a l y s i s .  No over load  
e f f e c t s  were observed when t h e  c y c l i c  stress i n t e n s i t y  was reduced from 
15.98 ElPa m3 t o  1 .68 E1Pa m 2 .  The l i n e a r  crack growth shown i n  t h e  low 
AK region (1 .68 /0 .90)  r evea l s  a cons tan t  growth f o r  2 mi l l i on  cyc les  
with no evidence of c rack  growth r e t a r d a t i o n .  Figure 22b is a more 
d e t a i l e d  region of t h e  a-N curve showing l i n e a r  growth a t  cons tan t  AK 
l e v e l s  of 2 .20,  2 .75,  3.29 and 6.58 NPa m 2 .  I t  i s  s i g n i f i c a n t  t o  no te  
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t h a t  t h e s e  d a t a  demonstrate i n t r i n s i c  growth a t  a r e l a t i v e l y  low AK and 
a t  maximum crack lengths  where c losu re  e f f e c t s  would dominate. 
Furthermore,  t h e r e  i s  no evidence of delayed crack growth j u s t  a f t e r  a 
stress i n t e n s i t y  range inc rease ,  demonstrat ing t h a t  load shedding a t  
cons tan t  K does not  induce de lay  r e t a r d a t i o n  presumably because t h e  
maximum o r  forward loading p l a s t i c  zone s i z e  i s  cons t an t .  The r e s u l t s  
of t h e s e  tes ts  a r e  shown i n  Figure 22, wi th  t h e  R and Kmax va lue  noted 
f o r  each cons tan t  AK experiment.  
max 
Also p l o t t e d  i n  Figure 22 a r e  t h e  r e s u l t s  f o r  t h e  two load shedding 
experiments d i scussed  above. Above t h e  near  t h re sho ld  regime, good 
agreement i s  observed between t h e  t h r e e  t e s t  t echniques .  The cons tan t  
AK-step increased  R technique r e s u l t e d  i n  t h e  measurement of acce le ra t ed  
c rack  growth below t h e  threshold  s t r e s s  i n t e n s i t i e s  i nd ica t ed  by t h e  
continuous load shedding techniques,  and y i e l d i n g  a AK l e v e l  of l e s s  
t han  1 .5  flPa m T .  In  t h e  P a r i s  regime, t h e  f a s t e r  growth r a t e s  a s soc ia t ed  
wi th  t h e  load shedding experiments a r e  poss ib ly  due t o  t h e  f a c t  t h a t  t h e  
h igh  s t r e s s  i n t e n s i t y ,  cons tan t  AK experiments were conducted a t  low R 
va lues  and may have been inf luenced by c losu re .  These po in t s  i n  
F igure  22 a r e  accordingly marked with arrows which po in t  i n  t h e  
d i r e c t i o n  of  assumed i n t r i n s i c  crack growth behavior .  
t h  
1 
From Figures  20 t o  2 2 ,  it is i n t e r e s t i n g  t o  no te  t h a t  t h e  i n t r i n s i c  
c rack  growth c h a r a c t e r i s t i c s  of Alloy 2090 do not  fol low t y p i c a l  P a r i s  
o r  power-law behavior .  A region of crack growth e x i s t s  which i s  weakly 
dependent on A K ,  forming an S-shaped i n t r i n s i c  f a t i g u e  c rack  growth 
curve .  This  behavior i n  2000 and 7000 series aluminum a l l o y s  has been 
r e l a t e d  t o  t h e  regime where t h e  c y c l i c  p l a s t i c  zone s i z e  i s  l e s s  than  
one o r  two g r a i n  s i z e s .  That explana t ion  does not  expla in  t h e  r e s u l t s  
shown i n  F igures  20 t o  22. 
The d a t a  shown i n  Figure 22 e s t a b l i s h  t h a t  each of t h e  t h r e e  
programmed s t r e s s  i n t e n s i t y  procedures y i e l d  i n t r i n s i c  f a t i g u e  crack 
propagat ion k i n e t i c s .  The cons tan t  AK-step inc reas ing  R/constant  K max 
method is  p r e f e r r e d  f o r  t h e  cu r ren t  s tudy  of cor ros ion  f a t i g u e  because 
28 
e 
e 
0 
e 
e 
0 
e 
0 
both t r a n s i e n t  and s t eady  s t a t e  crack growth k i n e t i c s  can be 
c h a r a c t e r i z e d .  Load shedding e f f e c t s  a r e  evident  i n  nonl inear  c y c l i c  
crack l eng th  d a t a .  This technique may a l s o  y i e l d  lower values  of t h e  
th re sho ld  compared t o  t h e  continuous load shedding methods. 
2 )  L-S Or i en ta t ion  I n t r i n s i c  FCG 
The L-S o r i e n t a t i o n  introduces a 
s i g n i f i c a n t l y  d i f f e r e n t  mic ros t ruc tu ra l  crack pa th  compared t o  L-T, as  
i l l u s t r a t e d  i n  Figures  18 and 1 9 .  Because of t h e  l a r g e ,  pancake shaped 
g r a i n s ,  t h e  crack f r o n t  produced by t h e  micronotched specimen i s  
embedded wi th in  one o r  two g r a i n s  a t  any given i n s t a n t .  The p o t e n t i a l  
f o r  " s i n g l e  c r y s t a l  typet t  high crack opening s t r a i n s  e x i s t s .  A s t r o n g  
c r y s t a l l o g r a p h i c  t e x t u r e  could f u r t h e r  promote d i f f e r e n c e s  between L-T 
and L-S crack o r i e n t a t i o n s .  
I n i t i a l  f a t i g u e  experiments i n d i c a t e d  t h a t  t h i s  
o r i e n t a t i o n  promotes s i g n i f i c a n t  crack pa th  d e f l e c t i o n .  To 
account f o r  d e f l e c t e d  crack growth, modif icat ions were made t o  
t h e  app l i ed  s t r e s s  i n t e n s i t y  and crack growth r a t e s  using c u r r e n t  
f r a c t u r e  mechanics models r epor t ed  by Suresh ( 3 5 ) .  These 
c o r r e c t i o n s  were small  i n  magnitude and d i d  not  a f f e c t  
experiment a 1  t r e n d s .  
F igu re  23 shows t h e  r e s u l t s  of cons t an t  AK and dec reas ing  
AK-constant R experiments.  Figure 23a is a micrograph showing the 
f a t i g u e  c rack  s u r f a c e  f o r  t h e  s i n g l e  specimen employed du r ing  both 
experiments.  Figure 23b i s  a p l o t  of t h e  i n i t i a l  cons t an t  AK t e s t  
r e s u l t s  which e x h i b i t  a s i g n i f i c a n t  decrease i n  s l o p e  and thus  i n  crack 
growth r a t e  a t  a crack length of 0 . 5 1  m m .  Careful  examination of t h e  
f r a c t u r e  s u r f a c e  revealed t h a t  a p o r t i o n  of t h e  crack had d e f l e c t e d  a t  a 
d i f f e r e n t  angle  a t  t h i s  p o i n t .  This r e s u l t e d  i n  a decrease i n  crack t i p  
c y c l i c  stress i n t e n s i t y  range and an a s s o c i a t e d  reduct ion i n  f a t i g u e  
crack growth. These r e s u l t s  demonstrate how t h e  cons t an t  AK technique 
i s  s e n s i t i v e  t o  d e f l e c t i o n ,  even a t  high mean s t r e s s e s .  Work t o  d a t e  
has not  shown l a r g e  changes i n  crack growth r a t e  as high angle  g r a i n  
e 29 
boundaries a r e  crossed by t h e  sho r t / sma l l  crack a t  cons tan t  AK and i n  
t h e  L-S o r i e n t a t i o n .  Addit ional  experiments and a n a l y s i s  are needed t o  
c l a r i f y  t h i s  i s s u e .  
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Within t h e  region noted i n  Figure 23b (0.33 mm t o  0 .51 mm), f a t i g u e  
crack pa th  d e f l e c t i o n  was uniform and appropr i a t e  c o r r e c t i o n  f a c t o r s  
could be app l i ed  t o  t h e  cons tan t  c y c l i c  stress i n t e n s i t y  and crack 
growth r a t e .  These co r rec t ed  r e s u l t s  a r e  compared t o  t h e  load shed d a t a  
i n  F igure  23c. The cons tan t  AK r e s u l t s  exh ib i t ed  an increased  growth 
r a t e ,  s i m i l a r  t o  t h e  L-T o r i e n t a t i o n  when compared t o  t h e  decreas ing  AK 
experimental  r e s u l t s .  
The cons tan t  AK-step increased R/constant  K t e s t  r e s u l t s  a r e  
shown i n  F igure  24 along with t h e  decreas ing  AK t e s t  r e s u l t s .  A s  
descr ibed  f o r  t h e  L-T o r i e n t a t i o n ,  each segment of  cons tan t  AK crack 
growth was evaluated f o r  i n t r i n s i c  growth; s p e c i f i c  d a t a  w i l l  be 
presented  dur ing  t h e  next  r epor t ing  per iod .  Somewhat h igher  f a t i g u e  
c rack  growth r a t e s  were observed f o r  t h e  cons tan t  AK-step increased  R 
t echnique ,  p a r t i c u l a r l y  f o r  crack growth near  t h re sho ld  and analogous t o  
t h e  t r e n d  observed f o r  t h e  L-T o r i e n t a t i o n .  Also no te  t h e  in te rmedia te  
stress i n t e n s i t y  range "plateau" behavior which y i e l d s  t o  more 
convent ional  Paris-Law k i n e t i c s  a t  h igher  A K .  A s  discussed  e a r l i e r ,  
arrows a r e  shown po in t ing  i n  t h e  d i r e c t i o n  of assumed i n t r i n s i c  c rack  
growth f o r  t h e  low R experimental  r e s u l t s .  
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We conclude t h a t  r a t e s  of i n t r i n s i c  f a t i g u e  crack growth i n  t h e  L-T 
and L-S o r i e n t a t i o n s  a r e  equ iva len t .  I n t r i n s i c  f a t i g u e  crack growth i n  
Alloy 2090 i s  not  dependent on high angle  g r a i n  boundary morphology and 
c r y s t a l l o g r a p h i c  o r i e n t a t i o n  a s soc ia t ed  wi th  r o l l e d  p l a t e .  This  
conclus ion  is a t  odds wi th  d a t a  repor ted  by R i t c h i e  and obta ined  by 
c o r r e c t i o n  of long crack  d a t a  through opening load measurement and 
(30) .  F igure  25 provides  a summary comparison of f a t i g u e  Kmax-KOPEN 
crack  growth r a t e  r e s u l t s  f o r  both t h e  L-T and L-S o r i e n t a t i o n s .  The 
dashed l i n e s  envelop a l l  r e s u l t s  of t h e  load shedding experiments 
performed f o r  both t h e  L-T and L-S o r i e n t a t i o n s .  S p e c i f i c  d a t a  po in t s  
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r ep resen t  cons t an t  AK-increasing R/constant K experiments.  The two 
high AK tests of t h e  L-S o r i e n t a t i o n  exh ib i t ed  crack path d e f l e c t i o n .  
Because of p o s s i b l e  crack t i p  s h i e l d i n g  due t o  c l o s u r e  a t  t h e  low s t r e s s  
r a t i o s  c h a r a c t e r i s t i c  of t h e  high AK experiments,  arrows have been drawn 
t o  no te  p o s s i b l e  growth r e t a r d a t i o n  a s soc ia t ed  with t h e s e  d a t a .  (Note 
t h a t ,  while  d e f l e c t i o n  e f f e c t s  on appl ied s t r e s s  i n t e n s i t y  and crack 
growth r a t e  a r e  approximated by f r a c t u r e  mechanics models, d e f l e c t e d  
cracks e x h i b i t  increased crack wake c losu re  i f  Node I1 displacements a r e  
o p e r a t i v e .  Opening load measurements, not  performed h e r e ,  a r e  required 
t o  develop i n t r i n s i c  r a t e s  of crack growth. ) 
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The i n t r i n s i c  f a t i g u e  crack growth i n  Alloy 2030,  developed from 
s h o r t  crack geometry techniques i n  t h i s  s tudy ,  is  compared i n  Figure 26 
t o  t h e  propagation k i n e t i c s  of m i c r o s t r u c t u r a l l y  small  cracks r epor t ed  
by R i t c h i e  and coworkers (31) .  Although t h e  comparison could be 
a f f e c t e d  by p o s s i b l e  hea t - to -hea t  m a t e r i a l  d i f f e r e n c e s ,  t h e  i n t r i n s i c  
growth r a t e s  revealed by both techniques a r e  comparable f o r  s t r e s s  
i n t e n s i t i e s  above t h e  th re sho ld  regime. The growth of m i c r o s t r u c t u r a l l y  
small  cracks below t h e  th re sho ld  evidenced by t h e  c u r r e n t  s h o r t  crack 
d a t a  i s  most probably due t o  high crack t i p  opening s t r a i n s  a s s o c i a t e d  
with s i n g l e  g r a i n  p l a s t i c i t y ,  and i s  expected based on l i t e r a t u r e  
r e s u l t s  (33 ,36 ) .  The r e s u l t s  of constant  AK t e s t i n g  of s h o r t  cracks of 
a ' 1 . 0  mm a r e  a l s o  shown i n  Figure 26. The a c c e l e r a t e d  growth r a t e s  
exh ib i t ed  by t h e s e  t e s t s  suggests  a regime where t h e  crack geometry 
s t u d i e d  h e r e  i s  a c t i n g  as  a m i c r o s t r u c t u r a l l y  small  c r ack .  The growth 
of such c racks  is c h a r a c t e r i z e d  by a high degree of v a r i a b i l i t y  and 
m i c r o s t r u c t u r a l  s e n s i t i v i t y .  
A t  t h i s  j u n c t u r e  i n  t h e  r e sea rch ,  t h e  main p o i n t  t o  be gleaned from 
t h e  d a t a  contained i n  F igu re  26 i s  t h a t  i n t r i n s i c  f a t i g u e  crack 
propagation r a t e s  i n  Alloy 2030 a r e  produced and monitored by t h e  s h o r t  
c r ack ,  cons t an t  AK-increasing R/constant K and e l e c t r i c a l  p o t e n t i a l  
technique developed he re .  Such r a t e s  a r e  on t h e  same o rde r  a s  t h e  
d i s t u r b i n g l y  high values  measured f o r  s o - c a l l e d  m i c r o s t r u c t u r a l l y  small  
c r acks .  This  information i s  r e l evan t  t o  mechanis t ic  s t u d i e s  and t o  l i f e  
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p r e d i c t i o n  models f o r  components. The c u r r e n t  r e sea rch  is  now 
pos i t i oned  t o  examine t h e  p o t e n t i a l l y  important e f f e c t s  of  environment 
on t h e  i n t r i n s i c  growth of f a t i g u e  cracks i n  an advanced Al-Li-Cu a l l o y .  
b .  Phase 2 :  Charac te r iza t ion  of I n t r i n s i c  Corrosion Fa t igue  
Crack Propagation i n  Embr i t t l i ng  Environments 
Using t h e  techniques developed dur ing  Phase 1, 
experiments have been performed t o  i n v e s t i g a t e  t h e  e f f e c t s  of gaseous 
and aqueous NaCl environments on aluminum-lithium Alloy 2030. I d e n t i c a l  
experiments have a l s o  been performed us ing  Alloy 7075 so t h a t  chemically 
s h o r t  c rack  propagat ion t r ends  could be compared between t h e  two a l l o y s .  
i. Experimental Procedures 
Fa t igue  crack propagat ion experiments i n  gaseous 
environments;  inc luding  oxygen, helium and water vapor; were performed 
i n  a vacuum chamber us ing  t h e  procedures descr ibed  previous ly  and i n  
Appendix I .  To s imula te  t h e  l e v e l  of moisture  and oxygen found i n  a i r ,  
2 kPa (15 t o r r )  of  water vapor and 20 kPa (150 t o r r )  of oxygen gas  were 
s e l e c t e d  as s t a t i c  t e s t  environments. A cons tan t  s t a t i c  p re s su re  of 2 
kPa (15 t o r r )  of helium was used f o r  t h e  i n e r t  re fe rence  environment. 
While h igh  vacuum is an i n t e r e s t i n g  and reasonable  i n e r t  environment f o r  
s tudy  of mechanical f a t i g u e ,  helium a t  t h e  s e l e c t e d  p res su re  was 
r equ i r ed  t o  maintain specimen temperature t o  wi th in  5OC of ambient. 
Experiments demonstrated t h a t  t h e  vacuum environment could not  be used 
because of specimen hea t ing ,  t o  a s  high a s  5OoC,  caused by t h e  app l i ed  
c u r r e n t  r equ i r ed  f o r  t h e  P.D measurement. We recognize t h a t  t h e  
p u r i f i e d  helium and oxygen environments may be contaminated by t r a c e  
(51 ppm) amounts of water  vapor.  P e t i t  and coworkers have i n  f a c t  
claimed t h a t  such contamination dominates environmental c racking ,  a t  
l e a s t  i n  7000 s e r i e s  a l l o y s .  The impact of t h i s  i s s u e  on t h e  r e s u l t s  
which fol low w i l l  be examined during t h e  next  r epor t ing  pe r iod .  
Aqueous NaCl cor ros ion  f a t i g u e  experiments were performed i n  t h e  
p l e x i g l a s s  c e l l ,  F igure  15,  conta in ing  deaera ted  1% NaCl s o l u t i o n  under 
cons tan t  e l e c t r o d e  p o t e n t i a l  maintained by a Wenking p o t e n t i o s t a t  . 
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Previous electrochemical  measurements showed t h a t  t h e  f r e e  co r ros ion  
p o t e n t i a l  of Al -L i -Cu  a l l o y s  v a r i e s  s i g n i f i c a n t l y  wi th  exposure t i m e .  
Such changes a r e  caused by small  d i f f e r e n c e s  i n  s o l u t i o n  oxygen 
concen t r a t ion  and by changes i n  t h e  s u r f a c e  composition of t h e  corroding 
a l l o y s .  The l i t e r a t u r e  review presented i n  Appendix I f u r t h e r  
e s t a b l i s h e s  t h a t  e l e c t r o d e  p o t e n t i a l  i s  a c r i t i c a l  v a r i a b l e  which 
a f f e c t s  environmental f r a c t u r e  of aluminum a l l o y s .  I t  was t h e r e f o r e  
concluded t h a t  a l l  co r ros ion  f a t i g u e  t e s t s  m u s t  be conducted a t  a 
c o n s t a n t ,  known app l i ed  p o t e n t i a l .  This approach w i l l  enable  
comparisons with l i t e r a t u r e  d a t a  and modeling of crack t i p  chemical 
d r i v i n g  f o r c e s .  Monitoring of t r a n s i e n t  crack growth responses as  t h e  
r e s u l t  of varying c o n t r o l l e d  e l e c t r o d e  p o t e n t i a l  may provide mechanis t ic  
i n s i g h t ,  a s  envisaged f o r  Phase 3 r e sea rch .  
A l l  co r ros ion  f a t i g u e  t e s t i n g  was performed us ing  e i t h e r  t h e  
cons t an t  AK-step increased R/constant K o r  t h e  constant  AK-constant R 
methods desc r ibed  e a r l i e r .  The constant  AK-step increased R technique 
was used t o  i n v e s t i g a t e  environmental e f f e c t s  on i n t r i n s i c  f a t i g u e  crack 
growth w i t h i n  t h e  high and nea r - th re sho ld  AK regimes. Constant AK- 
c o n s t a n t ,  R-constant t e s t s  were used t o  i n v e s t i g a t e  frequency and 
e l e c t r o d e  p o t e n t i a l  e f f e c t s  on i n t r i n s i c  crack growth f o r  cons t an t  
stress i n t e n s i t y  . 
max 
Crack su r faces  a r e  o f t e n  maintained c l ean  and e l e c t r i c a l l y  
conducting du r ing  environmental exposure; a s  such, crack s u r f a c e  c o n t a c t  
du r ing  loading and unloading r e s u l t s  i n  a load dependence of t h e  
e l e c t r i c a l  p o t e n t i a l  s i g n a l  known a "crack s u r f a c e  sho r t ing"  ( 2 3 ) .  
Prel iminary experiments showed t h i s  e f f e c t  f o r  Alloy 20'30 i n  p u r i f i e d  
helium. Work w i l l  be conducted i n  Phase 3 t o  s y s t e m a t i c a l l y  
c h a r a c t e r i z e  crack s h o r t i n g  f o r  a v a r i e t y  of gaseous and aqueous 
environment exposures t o  g a i n  mechanis t ic  i n s i g h t .  Crack s h o r t i n g  can 
l ead  t o  p o t e n t i a l  drop p r e d i c t e d  crack lengths  which a r e  erroneously 
l e s s  than t r u e  va lues .  To minimize t h i s  e r r o r ,  Phase 2 co r ros ion  
f a t i g u e  experiments were conducted a t  high R r a t i o  where Kmin i s  
hopeful ly  above t h e  po in t  of e l e c t r i c a l  crack s e p a r a t i o n .  The computer 
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was programmed t o  acqu i r e  a l l  e l e c t r i c a l  p o t e n t i a l  measurements a t  
maximum load.  Comparisons of p r e d i c t e d  and measured crack lengths  
e s t a b l i s h e d  t h a t  t h e s e  procedures e l imina ted  e r r o r s  due t o  crack 
s h o r t i n g  . 
ii. Environmental E f f e c t s  on I n t r i n s i c  Fat igue 
Crack Growth 
1)  Alloy 7075. 
Shown i n  Figure 27 a r e  t h e  r e s u l t s  of environ- 
mental f a t i g u e  t e s t i n g  of Alloy 7075 a t  high and low s t r e s s  i n t e n s i t y  
ranges,  and a r e l a t i v e l y  f a s t  loading frequency of 5 Hz. (For t h e s e  
experiments,  t h e  R values  a r e  0 .05,  0 .05 ,  and 0.87 f o r  t h e  t h r e e  s t r e s s  
i n t e n s i t y  ranges of 16, 10, and 2 EIPa mz, r e s p e c t i v e l y .  These tests 
= 1 1 . 0  E1Pa m') , t o  ensure t h a t  were i n i t i a t e d  a t  a AK of 10 ElPa m 2  
smal l  s c a l e  y i e l d i n g  and plane s t r a i n  c r i t e r i a  were not  v i o l a t e d .  Once 
t h e  crack was grown t o  a s u f f i c i e n t  l eng th ,  K was increased t o  16.8 
ElPa m and then  maintained constant  f o r  t h e  high and low A R  l e v e l s .  A 
l i n e a r  response f o r  t h e  lower l e v e l  cons t an t  AK t e s t s  ensured t h a t  
i n t e r f e r i n g  overload e f f e c t s  were not p re sen t  and i n t r i n s i c  crack growth 
was monitored. 
1 
1 1 
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Compared t o  i n t r i n s i c  f a t i g u e  crack growth i n  helium, both 1% NaCl 
(-760 mV SCE) and water vapor cause a c c e l e r a t e d  crack growth, w i th  t h e  
maximum d i f f e r e n c e  approaching a f a c t o r  of s i x .  flost i n t e r e s t i n g l y ,  
exposure t o  t h e  high p u r i t y  oxygen environment produced a r e t a r d a t i o n  i n  
f a t i g u e  crack growth. In  a l l  l i k e l i h o o d  co r ros ion  f a t i g u e  r ep resen ted  
I S C C  i n  F igu re  27 i s  occur r ing  a t  maximum stress i n t e n s i t y  values  below K 
f o r  t h e  two lowest s t r e s s  i n t e n s i t y  ranges.  Some s t a t i c  load cracking 
may c o n t r i b u t e  t o  t h e  behavior observed f o r  t h e  h ighes t  AK f o r  t h e  water 
vapor and s a l t  s o l u t i o n  environments. 
Figure 28 demonstrates t h a t  t h e  co r ros ion  f a t i g u e  r e s u l t s  a t  high 
s t r e s s  i n t e n s i t y  c o r r e l a t e  w e l l  wi th  t h e  f ind ings  of o t h e r  i n v e s t i g a t o r s  
(37 ,38 ) .  The inc reased  growth r a t e s  ob ta ined  i n  water vapor and aqueous 
NaCl have been i n t e r p r e t e d  i n  terms of a hydrogen embrit t lement 
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mechanism o p e r a t i v e  a t  high A K .  One expects t h a t  crack growth r a t e s  i n  
t h i s  regime w i l l  i nc rease  with decreasing c y c l i c  loading frequency and 
wi th  i n c r e a s i n g  hydrogen environment a c t i v i t y .  The decrease i n  high 
s t r e s s  i n t e n s i t y  range growth r a t e s  due t o  oxygen exposure is most 
i n t e r e s t i n g  and c o n s i s t e n t  with t h e  argon-oxygen d a t a  comparison 
r epor t ed  by Wei, Figure 28 ( 3 7 ) .  Many re sea rche r s  b e l i e v e  t h a t  s u r f a c e  
f i l m s ,  formed by gaseous environmental exposure,  promote f a t i g u e  damage 
by causing crack t i p  s l i p  i r r e v e r s i b i l i t y  compared t o  t h e  i n e r t  
environment c l ean  s u r f a c e  case where g l i d e  d i s l o c a t i o n s  can f r e e l y  
r e v e r s e  i n  response t o  load/unload c y c l e s .  The d a t a  shown i n  Figure 28 
a r e  not c o n s i s t e n t  with t h i s  view. One is  tempted t o  s p e c u l a t e  t h a t  
oxide f i lms  can reduce i r r e v e r s i b l e  p l a s t i c  s t r a i n  a t  crack t i p s  by 
perhaps r e t a r d i n g  d i s l o c a t i o n  nuc lea t ion .  Obviously, s l i p  r e l a t e d  
arguments can be t a i l o r e d  t o  exp la in  any e f f e c t  of s u r f a c e  f i l m  and our 
obse rva t ions  a r e  not y e t  complete. The mechanism f o r  t h e  oxygen e f f e c t  
w i l l  be probed i n  Phase 3 r e sea rch .  
Since t h e  high AK t e s t s  were performed a t  low s t r e s s  r a t i o ,  
R = 0.05 ,  it i s  p o s s i b l e  t h a t  t h e  observed crack growth response i n  
oxygen compared t o  helium is  caused by a reduct ion i n  crack t i p  s t r e s s  
i n t e n s i t y  caused by oxide induced c l o s u r e .  The r e t a r d i n g  e f f e c t  of 
p u r i f i e d  oxygen on f a t i g u e  crack growth i s  a l s o  observed a t  t h e  low 
stress i n t e n s i t y  range, Figure 27. Since crack growth i n  t h i s  regime was 
conducted at high R, it is unlikely that the oxygen effect is explained 
by a s imple c l o s u r e  mechanism. 
In  g e n e r a l ,  environmental e f f e c t s  on i n t r i n s i c  f a t i g u e  crack growth 
ra te  a t  low s t r e s s  i n t e n s i t i e s  a r e  poorly understood. The d a t a  i n  
Figure 27  show t h a t  t h e  high AK t r ends  a r e  a l s o  observed f o r  low AK-high 
R loading.  For hydrogen embri t t lement ,  t h i s  sugges t s  t h a t  t h e  maximum 
s t r e s s  i n t e n s i t y  p l ays  an important r o l e  i n  t h e  embrit t lement p rocess .  
I f  r e a l ,  t h e  convergence of t h e  helium and water vapor growth r a t e s  may 
i n d i c a t e  a reduced hydrogen e f f e c t .  The b e n e f i c i a l  e f f e c t  of gaseous 
oxygen p e r s i s t s  t o  t h e  low AK cond i t ion  d e s p i t e  t h e  f a c t  t h a t  t h e  c y c l i c  
stress i n t e n s i t y  range and hence t h e  crack t i p  c y c l i c  p l a s t i c  s t r a i n  
range i s  decreased s i g n i f i c a n t l y .  
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Figure  28 a l s o  conta ins  t h e  "upper boundtt curve f o r  a l l  
m i c r o s t r u c t u r a l l y  small  crack experiments (32 ,39 )  and a s i n g l e  specimen 
t r e n d  l i n e  f o r  decreas ing  AK-increasing R t es t  r e s u l t s  ( 3 2 ) .  The t h r e e  
types  of measurement shown i n  Figure 28 provide growth r a t e s  f o r  Alloy 
7075 which a r e  cons i s t en t  wi th  t h e  r e s u l t s  ob ta ined  f o r  Alloy 3090. 
Assuming t h a t  s h o r t  c rack ,  high R experiments i n  moist  a i r  produce 
growth k i n e t i c s  between pure helium and water vapor environments, then a 
comparison of our low AK r e s u l t s  wi th  t h e s e  sub-mm, mic ros t ruc tu ra l ly  
smal l  crack d a t a  r evea l s  comparable f a t i g u e  crack growth r a t e s  f o r  s h o r t  
c racks  ( a  ' 3  mm) o r i en ted  i n  t h e  L-S d i r e c t i o n .  The s h o r t  cracks 
s t u d i e d  he re  i n t e r s e c t  many high angle  g r a i n  boundaries compared t o  t h e  
m i c r o s t r u c t u r a l l y  small  crack growth d a t a .  This  comparison sugges ts  
t h a t ,  a s  shown f o r  Alloy 2090 (Figure 26) ,  t h e  c losu re -  f r e e ,  i n t r i n s i c  
c rack  growth r a t e s  of cracks s i g n i f i c a n t l y  l a r g e r  than mic ros t ruc tu ra l  
smal l  c racks  approach high l e v e l s  prev ious ly  ascr ibed  t o  t h e  " s ing le  
c r y s t a l "  crack t i p  opening s t r a i n  e f f e c t .  N i c r o s t r u c t u r a l l y  small  c racks  
can,  however, grow below t h e  i n t r i n s i c  s h o r t  c rack  th re sho ld ,  a s  
d i scussed  f o r  a l l o y  2090, Figure 26. The s h o r t  crack cons tan t  
AK-increasing R r e s u l t s  a r e  a t  somewhat h igher  r a t e s  than  t h e  s i n g l e  
specimen, long crack ,  decreas ing  AK-decreasing R d a t a .  
2) Alloy 2090: Prel iminary Work i n  Gaseous 
Environments. 
Corrosion f a t i g u e  c rack  growth ra te  r e s u l t s  f o r  
t h e  aluminum-lithium a l l o y  a r e  gene ra l ly  s i m i l a r  t o  t h e  d a t a  presented  
f o r  Alloy 7075. Notably, however, environmental  e f f e c t s  on Alloy 2090 
are no t  s eve re  and i n t r i n s i c  f a t i g u e  crack growth r a t e s  a r e  gene ra l ly  
less than  those  exh ib i t ed  by Alloy 7075. Fa t igue  c rack  propagat ion is  
impeded by exposure t o  e i t h e r  gaseous oxygen o r  c a t h o d i c a l l y  po la r i zed  
aqueous ch lo r ide  condi t ions .  Decreasing frequency gene ra l ly  produces a 
reduct ion  i n  cor ros ion  f a t i g u e  crack propagat ion r a t e s ,  c o n t r a d i c t i n g  
t h e  gene ra l  concept of r e a c t i o n  r a t e  o r  hydrogen t r a n s p o r t  con t ro l  of 
t h e  c racking  k i n e t i c s  . 
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The r e s u l t s  of an i n i t i a l  gaseous environmental experiment us ing  
Alloy 2090 i s  shown i n  F igure  2 9 .  Here t h e  micronotched specimen was 
f a t igued  i n  a p l e x i g l a s s  chamber a t  cons tan t  AK and R = 0 . 6 .  P r i o r  t o  
s t a r t i n g  t h e  t e s t ,  t h e  chamber was helium purged f o r  2 hours ,  wi th  t h e  
e x i t  gas bubbled through h igh  p u r i t y  d i f f u s i o n  pump o i l  t o  prevent  back 
d i f f u s i o n  of a i r  i n t o  t h e  chamber. The chamber was maintained a t  a 
p o s i t i v e  p re s su re  dur ing  t h e  t es t  t o  l i m i t  t h e  ing res s  of a i r .  When 
d e s i r e d ,  helium was bubbled through d i s t i l l e d  and deaerated water t o  
produce a moist  environment. (These environments a r e  probably 
contaminated by t r a c e  amounts of n i t rogen  and oxygen, t h e  concent ra t ion  
of  which v a r i e s  wi th  t es t  t i m e .  Resul t ing  d a t a  may not  be 
q u a n t i t a t i v e l y  comparable t o  r e s u l t s  obtained w i t h  gases  i n  t h e  high 
vacuum chamber, however, t r ends  a r e  l i k e l y  t o  be s i m i l a r . )  
Fa t igue  crack growth was i n i t i a t e d  a t  cons tan t  AK i n  helium, as  
shown i n  F igure  29 by t h e  l i n e a r  crack growth r a t e  f o r  a ' 0 . 7 0  mm.  
Moisture was then introduced i n t o  t h e  chamber; a corresponding reduct ion  
i n  crack growth r a t e  i s  shown i n  Figure 29. (The d iscont inuous ,  
apparent  i nc rease  i n  c rack  length  a t  t h e  poin t  of water vapor 
in t roduc t ion  is  caused by an i n s t a b i l i t y  i n  t h e  e l e c t r i c a l  p o t e n t i a l  
s i g n a l  due t o  t h e  environmental  change o r ,  l e s s  probably,  by a change 
from a shor ted  crack s u r f a c e  t o  an oxide coated and in su la t ed  s u r f a c e . )  
When d ry  helium was re in t roduced  i n t o  t h e  chamber, t h e  f a t i g u e  crack 
growth r a t e  increased  wi th  very l i t t l e  t r a n s i e n t  incubat ion t i m e .  A t  
crack lengths  of 0.90 mm and 0.95 m m ,  crack a r r e s t  occurred reproducib ly  
when t h e  specimen was aga in  exposed t o  wet helium. While water vapor 
r e t a rded  crack growth r e l a t i v e  t o  helium i n  Alloy 2090 a f t e r  each of  
t h r e e  exposures ,  t h e  l a t t e r  two caused f u l l  a r r e s t ,  whi le  t h e  f i r s t  
exposure caused a mild decrease  i n  r a t e .  Since appl ied  AK i s  cons t an t  
f o r  each exposure,  t h i s  h i s t o r y  dependence suggests  e i t h e r  vary ing  
oxygen contaminat ion,  a bui ldup of voluminous and load bear ing  co r ros ion  
products ,  o r  a chemical mechanism a s  y e t  not  understood.  Given t h e  
behavior  of  Alloy 7075 and t h e  l i ke l ihood  of hydrogen embri t t lement  from 
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water  vapor ,  t h e s e  r e s u l t s  were unexpected. Fur ther  experimentat ion i n  
p u r i f i e d  environments was conducted. 
3 )  Alloy 2090:  P u r i f i e d  Gaseous and Aqueous 
Environments. 
To understand environmental e f f e c t s  on f a t i g u e  
c rack  growth i n  Alloy 2090, a series of experiments,  s i m i l a r  t o  those  
performed f o r  Alloy 7075, were conducted wi th  t h e  high vacuum system and 
t h e  cons t an t  AK-step increased  R method. (Gaseous environment t e s t i n g  
was performed wi th  t h e  i d e n t i c a l  R ,  K and AK scheme descr ibed  f o r  
gaseous environment t e s t i n g  of a l l o y  7075. The d a t a  shown f o r  aqueous 
NaCl a r e  from t h r e e  s e p a r a t e  specimen cons tan t  AK-constant R 
exper iments . )  Resul t s  a r e  presented  i n  Figure 30. Because of t h e  
complex shape of t h e  f a t i g u e  crack growth r a t e - s t r e s s  i n t e n s i t y  response 
f o r  moist  a i r  exposure,  l i n e s  have only been drawn f o r  t h e  two regimes 
of  i n t e r e s t  a t  high and low A K .  
iiiax ’ 
A t  h igh -AK, d i f f e r e n c e s  i n  crack growth r a t e  were l e s s  than 
two-fold f o r  aqueous NaC1, water vapor,  helium and a i r .  The c h l o r i d e  
and water  vapor environments produced t h e  h ighes t  growth r a t e s .  
Notably,  however, t h e s e  cor ros ion  f a t i g u e  speeds a r e  measurably less 
than  t h e  va lues  presented  i n  F igure  28 f o r  Alloy 7075. The r a t e  f o r  
moist  a i r  was reduced and unexpectedly equal  t o  t h a t  recorded f o r  
p u r i f i e d  helium. Tes t ing  i n  t h e  oxygen environment r e s u l t e d  i n  a 
s i g n i f i c a n t  reduct ion  i n  f a t i g u e  crack growth. These t r e n d s  a r e  
i d e n t i c a l  t o  those  presented f o r  Alloy 7075. 
A t  low A K ,  cons iderable  d i f f e r e n c e s  i n  f a t i g u e  crack growth were 
observed f o r  t h e  d i f f e r e n t  environments. Cracking i n  helium and aqueous 
NaCl cont inued t o  e x h i b i t  s i m i l a r  and high growth r a t e s ,  whi le  crack 
growth i n  water vapor decreased t o  t h a t  observed i n  a i r .  Considerable  
r educ t ion  i n  f a t i g u e  crack growth r a t e  was observed f o r  t h e  oxygen 
environment.  These r e s u l t s  a r e  c o n s i s t e n t  wi th  those  observed f o r  t h e  
impure helium/water vapor experiment,  Figure 29 .  That i s ,  t h e  
environmental  i ng red ien t s  (water vapor and oxygen) which a r e  poss ib ly  
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int roduced by bubbling helium through d i s t i l l e d  water r e t a r d  f a t i g u e  
crack growth r e l a t i v e  t o  p u r e .  helium and a t  low c y c l i c  s t r e s s  i n t e n s i t y .  
The mechanism f o r  t h i s  r e s u l t  w i l l  be pursued i n  Phase 3 .  Analogous t o  
high AK cond i t ions ,  Alloy 2090 i s  l e s s  s e n s i t i v e  t o  near  t h re sho ld ,  
c h l o r i d e  o r  water vapor co r ros ion  f a t i g u e  compared t o  Alloy 7075.  
4 )  Alloy 2090 i n  Aqueous Chloride:  The E f f e c t  of 
Frequency. 
The cor ros ion  f a t i g u e  crack growth r a t e  of  
Alloy 2090 was measured a s  a func t ion  of loading frequency f o r  t h e  1X 
aqueous NaCl environment. The o b j e c t i v e  of t h e s e  t e s t s  was t o  determine 
i f  t h e  i n t r i n s i c  crack growth r a t e  was dependent on frequency wi th in  t h e  
high and low c y c l i c  stress i n t e n s i t y  regimes. Shown i n  Figure 31 i s  t h e  
f a t i g u e  crack growth of Alloy 2090 a t  a frequency of 5 Hz and 0 . 1  Hz f o r  
anodic p o l a r i z a t i o n  i n  c h l o r i d e .  Tes t s  conducted a t  5 Hz exh ib i t ed  
s l i g h t l y  h igher  f a t i g u e  crack growth a t  high and low c y c l i c  s t r e s s  
i n t e n s i t i e s .  No crossover  i n  frequency response was observed f o r  Alloy 
2090. (Reca l l  from Appendix I t h a t  slow f requencies  gene ra l ly  e sace rba te  
high Ah' corros ion  f a t i g u e  due t o  hydrogen embr i t t l ement ,  while  high 
f requencies  promote near  t h re sho ld  cracking by f i lm  rup tu re  processes .  ) 
Resu l t s  f o r  Alloy 2090 may i n d i c a t e  t h a t  r ap id  crack t i p  r e a c t i o n  and 
f i lm  formation prevents  any change i n  t h e  frequency dependence of 
f a t i g u e  c rack  growth i n  aqueous NaCl environment. The k i n e t i c s  of  
pas s ive  f i l m  formation may p lay  an important r o l e  i n  p r o t e c t i o n  of 
l i t h ium conta in ing  aluminum a l l o y s .  
The r e s u l t s  shown i n  F igure  31 a r e  confirmed by t h e  cons tan t  A K  
r e s u l t s  shown i n  F igures  32 and 33. F igure  32 shows t h e  d i f f e r e n t  c rack  
growth r a t e s  f o r  t h r e e  frequency l e v e l s  a t  high cons tan t  A K .  The 
changes i n  s lope  of t h e  a versus  N curve h i g h l i g h t  a s i g n i f i c a n t  change 
i n  da/dN f o r  t h e  t h r e e  frequency l e v e l s .  A f a c t o r  of f i v e  inc rease  i n  
f a t i g u e  crack growth r a t e  i s  observed f o r  experiments performed a t  5 Hz 
and 0 . 1  Hz. Figure 33 r evea l s  l i t t l e  change i n  f a t i g u e  crack growth 
r a t e  a t  low c y c l i c  stress i n t e n s i t y .  S p e c i f i c a l l y  note  l i t t l e  
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d i f f e r e n c e  i n  crack growth ra te  f o r  i nc reas ing  frequency by a f a c t o r  of 
285 (0.07 Hz t o  20 Hz). 
5 )  Alloy 2090 i n  Aqueous Chloride:  The E f f e c t  of 
E lec t rode  P o t e n t i a l .  
To f u r t h e r  understand crack t i p  mechanisms i n  
t h e  aqueous NaCl environment, a s e r i e s  of four  experiments were 
performed t o  determine t h e  FCG response of Alloy 2090 a t  d i f f e r e n t  
e l e c t r o d e  p o t e n t i a l s .  The constant  AK t es t s  were a l s o  conducted a t  
d i f f e r e n t  l e v e l s  of c y c l i c  s t r e s s  i n t e n s i t y  t o  q u a l i t a t i v e l y  a s s e s s  t h e  
r e l a t i o n s h i p  of crack t i p  mechanical d r i v i n g  f o r c e  ( A K  l e v e l )  and crack 
t i p  chemical d r i v i n g  f o r c e  (electrochemical  p o t e n t i a l ) .  The r e s u l t s  of 
t h e s e  experiments a r e  shown i n  Figures  34 t o  37. 
1 
The f a t i g u e  crack growth response a t  a cons t an t  AK of 2 .5  FlPa m 2  i s  
shown i n  F igu re  34. An i n i t i a l ,  cons t an t  crack growth r a t e  w a s  
e s t a b l i s h e d  a t  an app l i ed  anodic p o t e n t i a l  of -0.76 V (SCE). A t  a crack 
l eng th  of 2 .05 m m ,  t h e  specimen p o t e n t i a l  was changed t o  a mildly 
ca thod ic  p o t e n t i a l  of -1.16 V (SCE). A s  noted by t h e  h o r i z o n t a l  d o t t e d  
l i n e ,  crack a r r e s t  occurred a t  t h i s  ca thod ic  p o t e n t i a l .  A t  a cyc le  
count of 1x10 c y c l e s ,  t h e  p o t e n t i a l  was changed t o  an anodic va lue  of 
-0.76 V .  Approximately 76 hours of c y c l i c  loading elapsed be fo re  crack 
growth resumed. The same f a t i g u e  crack growth ra te ,  a s  i n i t i a l l y  
monitored a t  -0.76 V (SCE), was even tua l ly  reached. Crack a r r e s t  was 
aga in  noted when a ca thod ic  p o t e n t i a l  of -1.16 V (SCE) was app l i ed  t o  
t h e  specimen. This  dramatic  e f f e c t  of ca thod ic  p o l a r i z a t i o n  i s  
c o n s i s t e n t  w i th  t h e  gene ra l  , belief i c i a l  t r e n d s  f o r  environmental 
c r ack ing  of 2000 and 7000 s e r i e s  aluminum a l l o y s  summarized i n  t h e  
l i t e r a t u r e  review, Appendix I .  
6 
Cathodic p o t e n t i a l  reduced r a t e s  of co r ros ion  f a t i g u e  a t  higher  
s t r e s s  i n t e n s i t y  ranges.  Resu l t s  of high cons t an t  AK t e s t i n g  ( 9 . 6  
MPa m”) a t  a low s t r e s s  r a t i o  ( R  = 0 .1 )  a r e  shown i n  Figure 3 5 .  Afte r  
i n i t i a l  c r ack ing  a t  an anodic p o t e n t i a l  of -0.76 V (SCE), a mild 
reduct ion i n  crack speed was produced by ca thod ic  p o l a r i z a t i o n  t o  
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-1.16 V (SCE), and a s i g n i f i c a n t  and time dependent r e t a r d a t i o n  i n  crack 
growth was observed a t  a ca thod ic  p o t e n t i a l  of -1.26 V (SCE). Given t h e  
low mean s t r e s s  i n t e n s i t y  f o r  t h i s  experiment, r e t a r d a t i o n  may have 
been caused by a c l o s u r e  e f f e c t  due t o  increased s u r f a c e  f i lm  formation. 
The app l i ed  s t r e s s  i n t e n s i t y  range was then  decreased t o  a AK of 2 . 1  
ElPa m' a t  R = 0 . 9  with Kmax maintained cons t an t .  A slow recovery t o  a 
s t eady  s t a t e  growth ra te  was observed a t  an anodic p o t e n t i a l  of -0.76 V 
(SCE). Crack growth a r r e s t  was subsequently produced by ca thod ic  
p o l a r i z a t i o n  a t  -1.16 V (SCE), reproducing t h e  r e s u l t s  shown i n  Figure 
33. 
A v a r i e t y  of frequency changes were e f f e c t e d  during t h e  cons t an t  
s t r e s s  i n t e n s i t y  tes ts  r ep resen ted  i n  Figures  34 and 35. S p e c i f i c a l l y  i n  
Figure 34, frequency was va r i ed  from 0 . 0 7  t o  20 Hz dur ing  t h e  i n i t i a l  
anodic p o l a r i z a t i o n .  I n  Figure 35 frequency was v a r i e d  over a s i m i l a r  
range du r ing  t h e  f i r s t  ca thod ic  and t h e  second anodic p o l a r i z a t i o n s .  
Frequency l e v e l s  a r e  noted on Figures  36 and 37 where s i g n i f i c a n t  
changes i n  crack growth r a t e  were due t o  changes i n  frequency. I n  
gene ra l  dec reas ing  frequency r e s u l t s  i n  a mild decrease i n  c o r r o s i o n  
f a t i g u e  crack growth r a t e  f o r  each of t h e  s t r e s s  i n t e n s i t y  and e l e c t r o d e  
p o t e n t i a l  cond i t ions  examined. These changes were s m a l l ,  but  c l e a r l y  
demonstrated by t h e  cons t an t  AK procedure.  Occasional ly ,  v a r i a b i l i t y  i n  
t h e  e l e c t r i c a l  p o t e n t i a l  s i g n a l  and crack d e f l e c t i o n  obscured t h e  e f f e c t  
of frequency. A t  t h i s  p o i n t  t h e  c l e a r  conclusion is  t h a t  corrosion 
f a t i g u e  crack propagat ion i n  t h e  Alloy 2090 i s  no t  exacerbated by ve ry  
slow loading frequencies  f o r  t h e  chemical cond i t ions  examined. 
The b e n e f i c i a l  e f f e c t  of ca thod ic  p o l a r i z a t i o n  was a l s o  
demonstrated f o r  t h e  L-S o r i e n t a t i o n ,  i nc lud ing  both peak and over aged 
m i c r o s t r u c t u r e s .  Peak aged L-S m a t e r i a l  i s  represented i n  Figure 36 f o r  
i n t e rmed ia t e  cons t an t  stress i n t e n s i t y  loading.  The crack was grown t o  a 
l eng th  of 1.59 mm a t  a cons t an t  AK of 4 . 1  PlPa m 2  ( R  = 0 . 6 ) .  The s t r e s s  
i n t e n s i t y  was then inc reased  t o  a AK of 8.45 PlPa m 2  ( R  = 0 . 6 ) ,  r e s u l t i n g  
i n  a s i g n i f i c a n t  i n c r e a s e  i n  crack growth r a t e .  For each AK l e v e l ,  
ca thod ic  p o l a r i z a t i o n  below - 1 . 2  V ( S C E )  mildly r e t a r d e d  t h e  growth of 
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t h e  co r ros ion  f a t i g u e  crack r e l a t i v e  t o  t h e  anodic p o t e n t i a l s  of - 0.86 
and -0.96 V (SCE). Anodic t o  ca thodic  and ca thodic  t o  anodic p o t e n t i a l  
changes caused immediately r e so lvab le  changes i n  crack growth r a t e  
without  evidence of long t r a n s i e n t  incubat ion  pe r iods .  Notably,  t h e  
high l e v e l s  of  ca thodic  p o l a r i z a t i o n  d i d  not  cause enhanced co r ros ion  
f a t i g u e ,  as expected should hydrogen embri t t lement  be o p e r a t i v e .  
The co r ros ion  f a t i g u e  crack growth response of over aged L-S Alloy 
2090 i s  shown i n  F igure  37 f o r  in te rmedia te  s t r e s s  i n t e n s i t y  loading .  
A t  a ca thod ic  p o t e n t i a l  of -1 .16 V (SCE), where crack a r r e s t  was 
achieved i n  peak aged L-T ma te r i a l s  a t  A K  = 2.5  FfPa m3 (F igure  3 4 ) ,  
s i g n i f i c a n t  crack growth was obtained f o r  t h e  c u r r e n t  cond i t ions .  A 
more ca thod ic  p o t e n t i a l  of -1.26 V (SCE) was requi red  be fo re  c rack  
growth r e t a r d a t i o n  was observed. Anodic p o l a r i z a t i o n  caused increased  
f a t i g u e  c rack  growth r a t e s .  
Based on t h e  r e s u l t s  of t h e s e  experiments,  we specu la t e  t h a t  mild 
ca thod ic  p o l a r i z a t i o n  produces a crack t i p  chemistry t h a t  promotes c rack  
t i p  f i l m  formation.  Increased c y c l i c  stress i n t e n s i t y  i s  r equ i r ed  t o  
cause f a t i g u e  damage of t h e  fi lmed su r face  r e l a t i v e  t o  more anodic  
cond i t ions .  This  e f f e c t  may be r e l a t e d  t o  t h e  r e t a r d i n g  e f f e c t  of 
oxygen exposure on f a t i g u e  crack growth i n  Alloys 2090 and 7075. Work 
dur ing  t h e  next  r epor t ing  per iod  w i l l  explore  t h e  p o s s i b l e  common e f f e c t  
of f i lm  forming environments on f a t i g u e .  
iii. Summary and Conclusions 
Based on an in-depth l i t e r a t u r e  review, an 
experimental  p l a n  w a s  developed t o  i d e n t i f y  mechanisms of i n t r i n s i c  
damage l o c a l i z a t i o n  dur ing  cor ros ion  f a t i g u e  of Al-Li-Cu a l l o y s .  
Using t h e  p o t e n t i a l  d i f f e r e n c e  technique ,  s h o r t  c rack  specimen 
geometry and decreas ing  AI(-step increased  R t e s t  scheme, an e x c e l l e n t  
method has been developed f o r  t h e  continuous monitoring of i n t r i n s i c  
f a t i g u e  c rack  growth i n  aluminum a l l o y s  exposed t o  aggress ive  
environments.  
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The t r u e  ( i n t r i n s i c )  t r ansg ranu la r  f a t i g u e  crack growth 
c h a r a c t e r i s t i c s  of  Al-Li-Cu-Zr r o l l e d  p l a t e  ma te r i a l  a r e  independent of 
crack pa th  d i r e c t i o n  and a r e  not  s t r o n g l y  a f f e c t e d  by i n t e r a c t i o n s  wi th  
m i c r o s t r u c t u r a l  boundaries .  
Shor t  f a t i g u e  c racks  of length  l e s s  than 1 mm e s h i b i t  crack growth 
r a t e s  t h a t  a r e  s i g n i f i c a n t l y  g r e a t e r  than  c racks  of longer length .  
The environmental  e f f e c t s  on t r a n s g r a n u l a r ,  i n t r i n s i c  f a t i g u e  crack 
propagat ion  i n  Alloy 2090 depend on t h e  l e v e l  of appl ied  s t r e s s  
i n t e n s i t y .  A t  high A K ,  small  d i f f e r e n c e s  i n  crack growth r a t e  occur ,  
wi th  t h e  o rde r  of ranking from f a s t e s t  t o  s lowest  growth r a t e  being:  
aqueous c h l o r i d e ,  water  vapor,  moist  a i r ,  p u r i f i e d  helium and osygen. 
Oxygen p a r t i c u l a r l y  r e t a r d s  crack growth. A t  near  th reshold  AK l e v e l s ,  
c h l o r i d e  and helium promote r ap id  c racking ,  wi th  water vapor,  moist  a i r  
and oxygen causing p rogres s ive ly  decreas ing  cor ros ion  f a t i g u e .  The 
p u r i t y  of t h e  gaseous environments w i l l  be confirmed i n  f u t u r e  
esper iments .  
e 
Cathodic p o l a r i z a t i o n  s i g n i f i c a n t l y  reduces aqueous c h l o r i d e  
co r ros ion  f a t i g u e  i n  Alloy 2030, while  anodic p o l a r i z a t i o n  exacerba tes  
t h e  environmental  e f f e c t  . 
e 
Decreased frequency mildly reduces r a t e s  of cor ros ion  f a t i g u e  c rack  
growth i n  Alloy 2090 exposed t o  aqueous c h l o r i d e .  
Alloy 7075 i s ,  i n  gene ra l ,  more environmentally s u s c e p t i b l e  
compared t o  Alloy 2090.  The aggress ive  cha rac t e r  of each environment 
inc reases  from oxygen t o  helium t o  water  vapor t o  aqueous c h l o r i d e ,  
analogous t o  t h e  behavior of Alloy 2090. 
Environmental r e s u l t s  suggest  ( specu la t ive ly )  t h a t  crack t i p  
s u r f a c e  f i lms  p lay  an important r o l e  i n  crack t i p  damage mechanisms 
dur ing  co r ros ion  f a t i g u e  of Al-Li-Cu a l l o y s .  This  is  evidenced by: 
a r e t a rded  growth i n  oxide and hydroxide forming environments 
inc luding  p u r i f i e d  oxygen gas and ca thod ica l ly  po la r i zed  aqueous 
NaC 1 ; 
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IX additional mechanical driving force required to overcome 
environmental effects; 
lX increased corrosion fatigue crack growth with increased frequency. 
D. Future Work for the Period April 1, 1988 to Pfarch 31, 1989 
The program plan for the study of Damage Localization Mechanisms in 
Aqueous Chloride Corrosion Fatigue of A1-Li Alloys was developed in the 
original proposal (20) and was amplified in further detail in 
Appendix I. The timing of specific tasks is presented in Figure 1. 
As presented in the preceding sections, work during the first 
reporting period has accomplished all Phase 1 tasks and about 75% of the 
Phase 2 tasks. All Phase 2 tasks will be completed by the end of 
year 1, that is by Efarch 31, 1988. 
At this point we envision no major departures from the original 
plan. The work to be conducted in year 2 will follow the original 
proposal, Appendix I and Figure 1. Specifically, emphasis will be 
placed on the following tasks: 
lX Systematically analyze the crack growth rate data obtained in 
year 1. This work will include verification of important trends, 
analyses of potential environment contamination effects, detailed 
fractographic analyses of critical specimens; and will result in 
two publications on intrinsic fatigue crack propagation in Alloy 
2090 for moist air exposure and on environmental effects on 
intrinsic fatigue crack propagation in alloy 2090. 
IX Design and execute Phase 3 experiments which follow form the 
analyses of Phase 2 work and which are aimed at elucidating 
mechanisms of environmental fracture. Interests here include 
explaining the dramatic, inhibiting effects of gaseous oxygen and 
cathodic polarization on fatigue crack growth; probing the 
possibility for a hydrogen contribution to corrosion fatigue; and 
explaining the mild and inverse frequency dependency reported 
herein. 
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Fir. Piascik will begin to draft his doctoral dissertation in the 
summer of 1988 with a graduation goal of December, 1988. This 
effort will lead to one or two additional publications and selected 
experiments through the last three months of year 2 to March 31, 
1989. 
The completion of the corrosion fatigue program at the end of year 
2 will coincide with Plr. Piascik's graduation. Corrosion fatigue work 
on monolithic Alloy 2090 will most likely not be included in the renewal 
proposal for year 3 .  We expect that work in year 3 will emphasize 
environmental fracture of a metal matrix composite-ambient temperature 
gaseous/aqueous system and of a powder metallurgy aluminum 
alloy-elevated temperature system. Work on Alloys 2090 and 7075 will 
provide the necessary foundations for studies of stress corrosion 
cracking/corrosion fatigue of the composite. The direction of elevated 
temperature work is presented in Section VI. 
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MEASUREMENTS AND MECHANISMS 
OF LOCALIZED AQUEOUS CORROSION 
I N  ALUMINUN-LITHIUM ALLOYS 
G .  E .  Stoner and R .  G .  Buchheit ,  Jr .  
The goa l s  of t h i s  phase of t h e  program, as s t a t e d  i n  t h e  o r i g i n a l  
p roposa l ,  a r e  t o  i s o l a t e  and measure l o c a l  processes  hypothesized t o  
c o n t r o l  co r ros ion  and embrit t lement of aluminum-lithium a l l o y s .  This  
progress  r e p o r t  and con t inua t ion  proposal r e p r e s e n t s  s i x  months e f f o r t  
towards achieving t h e  above o b j e c t i v e s  . 
A .  Summary 
Based on a review of t h e  l i t e r a t u r e ,  microreference Ag/AgCl 
e l e c t r o d e s  have been cons t ruc t ed  and t e s t e d .  Nicroreference e l e c t r o d e  
t i p s  have been made a s  small  as 5 pm ( inne r  bore d i ame te r ) .  E lec t rodes  
cons t ruc t ed  show e x c e l l e n t  r e fe rence  p o t e n t i a l  s t a b i l i t y  and have been 
used t o  measure p o t e n t i a l  v a r i a t i o n s  a s  small  a s  0 . 6  mV on an a c t i v e l y  
co r rod ing  metal  s u r f a c e .  Plicroreference e l e c t r o d e s  have been used t o  
measure t h e  v a r i a t i o n  i n  p o t e n t i a l  i n  t h e  v i c i n i t y  of co r ros ion  p i t s  on 
peak aged 2090 (A1-2.7Cu-2.2Li-0.12Zr) du r ing  potentiodynamic 
p o l a r i z a t i o n  s c a n s .  
Neasurements of t h e  change i n  pH versus t i m e  have been performed 
f o r  a r t i f i c i a l  c r e v i c e s  and immersed machine shavings i n  s o l u t i o n i z e d  
and peak aged 2090. Prel iminary r e s u l t s  suggest  t h a t  pH versus t i m e  
behavior i s  dependent on a l l o y  hea t  t r ea tmen t .  
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B. Progress Report 
1. Flechanisms of Local Corrosion in Aluminum-Lithium Alloys 
a. Introduction 
Many heat treatable high strength aluminum alloys are 
susceptible to local corrosion in aqueous environments. Local 
corrosion is a result of galvanic activity which is related to 
microstructural heterogeneity. This type of environmental attack 
manifests itself in pitting, crevice corrosion, stress corrosion 
cracking, and in some cases hydrogen embrittlement. 
Local corrosion differs from general or uniform corrosion in that 
areas of anodic and cathodic activity are well defined. Active anodic 
sites are usually small areas of intense metallic dissolution. A s  a 
result of this metallic dissolution pits form and grow and pre-existing 
crevices may deepen. A s  the pit or crevice grows, the environment 
becomes isolated from outside and is said to be 'occluded'. 
Diffusional transport of chemical species from outside of the occluded 
environment is severely inhibited which facilitates dramatic changes in 
the occluded environment chemistry. 
Aluminum-lithium alloys are susceptible to local corrosion but in 
some cases show a marked decrease in susceptibility to stress corrosion 
cracking when compared to conventional high strength aluminum alloys 
( 4 0 - 4 2 ) .  The discussion below outlines the important aspects of 
pitting, crevice and stress corrosion cracking in A1-Li alloys and 
compares the behavior of these alloys to the local corrosion behavior 
of conventional high strength aluminum alloys. 
b. Pitting 
Pitting in high strength aluminum alloys immersed in 
aqueous chloride environments is initiated near second phase 
strengthening particles or constituents. Local differences in 
composition due to solute enrichment of the particle or solute 
depletion in the supersaturated matrix in the vicinity of the particle 
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c r e a t e  l o c a l  anodes and cathodes.  When t h e s e  a r e  e s t a b l i s h e d  ga lvanic ,  
co r ros ion  a c t i v i t y  can occur .  D i s so lu t ion  of t h e  more anodic region 
can r e s u l t  i n  t h e  formation of a p i t .  
Grain boundaries and sub-gra in  boundaries a r e  favorable  s i t e s  f o r  
t h e  nuc lea t ion  of second phase p a r t i c l e s  and as  such a r e  regions of 
increased  d i s s o l u t i o n  and p i t t i n g  ( 4 3 - 4 6 ) .  In  Al-Li-Cu a l l o y s  t h e  
presence  of a c t i v e  l i th ium bea r ing  phases i s  thought t o  promote l o c a l  
co r ros ion  by p i t t i n g  ( 4 7 ) .  However, l i th ium is  not  t h e  s o l e  
c o n t r i b u t o r  t o  p i t t i n g  a c t i v i t y .  Some experimental  evidence sugges ts  
t h a t  copper- l i thium r i c h  phases which popula te  subgra in  boundaries i n  
Al-Li-Cu a l l o y s  a r e  a c t i v e  phases .  In  p a r t i c u l a r ,  T (A1 LiCu) appears 1 2 
t o  i n c r e a s e  t h e  d i s s o l u t i o n  of sub-gra in  boundaries ( 4 8 , 4 9 ) .  
I n  even t h e  most pure high s t r e n g t h  aluminum a l l o y s ,  i r o n  and 
s i l i c o n  c o n s t i t u e n t  p a r t i c l e s  a r e  p r e s e n t .  I t  has been shown t h a t  i r o n  
a c t s  a s  a cathode when brought i n  con tac t  wi th  pure aluminum and 
a c c e l e r a t e s  aluminum d i s s o l u t i o n  i n  ae ra t ed  0.1F1 NaCl s o l u t i o n  ( 5 0 ) .  
Research performed a t  t h e  Univers i ty  of  V i rg in i a  on Alloy 2090 shows 
t h a t  Fe-Si c o n s t i t u e n t  p a r t i c l e s  a r e  s i t e s  f o r  t h e  i n i t i a t i o n  of gross  
p i t t i n g  (51).  Another type  of c o n s t i t u e n t ,  oxide p a r t i c l e s ,  a r e  o f t e n  
included i n  t h e  process ing  of powder metal lurgy a l l o y s .  These oxide 
i n c l u s i o n s  usua l ly  grouped i n  s t r i n g e r s  may a l s o  s e r v e  a s  s i t e s  f o r  
p r e f e r e n t i a l  p i t  formation ( 5 2 ) .  
Mic ros t ruc tu ra l  he te rogenei ty  i s  an important a spec t  i n  t h e  
p i t t i n g  of high s t r e n g t h  aluminum a l l o y s ,  but  f o r  apprec i ab le  l o c a l  
co r ros ion  t h e  environment must  be s u f f i c i e n t l y  damaging. I n  gene ra l ,  
t h e  pas s ive  f i lm  on aluminum a l l o y s  is  uns t ab le  i n  aqueous c h l o r i d e  
environments f o r  pH va lues  g r e a t e r  t han  about 10 and less than about 4 
( 5 3 ) .  P i t t i n g  w i l l  occur i n  aqueous environments of extreme pH. 
P i t t i n g  i s  a r t i f i c i a l l y  s t imu la t ed  by anodic  p o l a r i z a t i o n ,  although a 
d e f i n i t e  c r i t i c a l  p o t e n t i a l  marking t h e  onse t  of p i t t i n g  i s  o f t e n  
d i f f i c u l t  t o  e s t a b l i s h  wi th  a high degree of p r e c i s i o n  ( 5 4 ) .  
e 48 
a 
0 
0 
0 
0 
e 
0 
P i t s  t h a t  form a s  t h e  r e s u l t  of l o c a l  anodic d i s s o l u t i o n  w i l l  o f t e n  
fol low g r a i n  boundaries and tend t o  grow i n  depth f a s t e r  t h a t  they grow 
i n  width.  These p i t s  grow i n t o  f i s s u r e s  which become e f f e c t i v e  s t r e s s  
concen t r a to r s  when an e x t e r n a l  load is  app l i ed .  
c .  Local Occluded Environments 
The occluded crack chemistry t h a t  develops i n  a l i th ium 
bear ing  aluminum a l l o y  d i f f e r s  s u b s t a n t i a l l y  from t h a t  found i n  o t h e r  
convent ional  h igh  s t r e n g t h  aluminum a l l o y s .  I n  A 1 - L i - X  a l l o y s  t h e  
s o l u t i o n  wi th in  a long crack under proper  condi t ions  is  a l k a l i n e  a t  
l e a s t  i n i t i a l l y  while  a long crack i n  a non-l i thium bear ing  aluminum 
a l l o y  w i l l  be  a c i d i c  ( 4 9 , 5 5 , 5 6 , 5 7 ) .  
Solu t ion  pH va lues  measured a t  t h e  t i p s  of mechanically induced 
cracks i n  7475 immersed i n  3 w/o NaCl s o l u t i o n  a r e  cons i s t en t  with t h e  
equi l ibr ium r e a c t i o n  (58) : 
 AI^+ + H ~ O  e A ~ ( o H ) ~ +  + H + 
Pleasured pH va lues  s t a b i l i z e d  a t  va lues  between 2 . 5  and 3 a f t e r  2 days 
under cons t an t  immersion cond i t ions .  Concentrat ions of i o n i c  spec ie s  i n  
occluded cracks  were measured f a r  i n  excess  of t h e  bulk spec ie s  
concen t r a t ion .  Anionic spec ie s  concen t r a t ion ,  p r imar i ly  C 1  , was 
measured i n  t h e  range of 2-3  Pi. The t o t a l  concent ra t ion  of c a t i o n i c  
spec ie s  was es t imated  a t  0 . 7  Pi. Cat ion ic  spec ie s  included ions of Na, 
Zn, Cu and Ng with  copper p l a t i n g  on t h e  crack wa l l s .  The amount of 
C 1 -  c o n s t i t u t i n g  t h e  d i f f e r e n c e  i n  t h e  concent ra t ion  of anions and 
c a t i o n s  was presumed t o  be t i e d  up i n  c a t i o n i c  complexes and s o l i d s  
depos i t i ng  i n  t h e  crack.  
- 
The r e a c t  ion : 
0 
L i  + + H20 e Li(OH)++ + H + 
occurs  a t  a pH of about 11 f o r  a l i th ium concent ra t ion  of 0 .002  P1 ( 4 9 ) .  
The pH of a s o l u t i o n  measured i n  n a t u r a l  and a r t i f i c i a l l y  c r e a t e d  
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cracks  i n  Al-Li-Cu-Plg a l l o y  8090 immersed i n  3 . 5  w/o NaCl s o l u t i o n  
sugges ts  t h a t  t h i s  r e a c t i o n  r a t h e r  than  t h e  aluminum d i s s o l u t i o n  
r e a c t i o n  c o n t r o l s  t h e  c r i t i c a l  s o l u t i o n  chemistry i n  occluded 
environments (56) .  
I t  has been suggested t h a t  environments t h a t  a r e  a t  t h e  extremes of 
pH ( too  a c i d i c  o r  t oo  a l k a l i n e )  w i l l  not  support  s t r e s s  cor ros ion  crack 
growth i n  aluminum a l l o y s  ( 4 9 ) .  However, i t  has been demonstrated t h a t  
c rack  environments i n  Al-Li-Cu-Plg a l l o y s  can be modified by a l t e r n a t e  
immersion t e s t i n g  so t h a t  t h e  crack growth can be supported ( 4 9 , 5 9 ) .  
St re s sed  specimens of 8090 Al-Li-Cu-Plg a l l o y  showed no evidence of 
stress co r ros ion  c racking  a f t e r  30 days of  cons tan t  immersion i n  3 .5  
w / o  NaCl s o l u t i o n  (56) .  Blunt i n t e r g r a n u l a r  f i s s u r e s  were observed 
however. A l l  of t h e  s t r e s s e d  specimens f a i l e d  wi th in  two days a f t e r  
removal from t h e  s o l u t i o n  and exposure t o  labora tory  a i r .  Specimens 
immersed i n  NaCl s o l u t i o n  and then exposed t o  a i r  of 1000; r e l a t i v e  
humidity without  CO d i d  n o t  f a i l .  2 
The fol lowing sequence of events  was proposed t o  exp la in  t h e  
phenomenon (56) : 
1) Immersion i n  t h e  NaCl s o l u t i o n  caused l o c a l  a t t a c k  t o  occur  
forming f i s s u r e s ,  but  t h e  environment was t o o  aggress ive  f o r  sha rp  
c racks  t o o  form. 
2 )  When t h e  specimens were removed f r o m  t h e  bulk s o l u t i o n ,  access  
t o  s u r f a c e  cathodes was no longer  a v a i l a b l e  and l i th ium d i s s o l u t i o n  
r e a c t i o n  c o n t r o l l e d  t h e  crack chemistry d r i v i n g  it  a l k a l i n e .  
3 )  Upon exposure t o  a i r ,  CO was absorbed i n t o  t h e  f i s s u r e  causing 
a concent ra ted  chlor ide/carbonate/bicarbonate  s o l u t i o n  t o  form and 
caus ing  a reduct ion  i n  pH. 
2 
4 )  The reduct ion  i n  pH and t h e  i n t e r a c t i o n  of t h e s e  spec ie s  wi th  
t h e  pas s ive  l aye r  e s t a b l i s h e d  an environment t h a t  allowed sha rp  cracks 
t o  i n i t i a t e  and propagate t o  f a i l u r e .  
These r e s u l t s  have been dup l i ca t ed  f o r  a l l o y  2090 a t  t h e  Univers i ty  
of V i rg in i a  (60) .  
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2 .  Nicroreference Electrodes 
a .  I n t r o d u c t i o n  
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Local co r ros ion  occurs when anodic d i s s o l u t i o n  is 
confined t o  very small  a r eas  while l a r g e r  a r e a s  behave as cathodes.  
The p a r t i c u l a r l y  damaging a spec t  of l o c a l i z e d  co r ros ion  i s  t h a t  t h e  
p e n e t r a t i o n  r a t e  of t h e  metal i n  l o c a l i z e d  a r e a s  i s  much g r e a t e r  t han  
t h a t  found i n  gene ra l  co r ros ion  (61) .  
Since anodic d i s s o l u t i o n  i s  wel l  s epa ra t ed  from regions of ca thod ic  
a c t i v i t y ,  t h e  two d i f f e r e n t  a r eas  can be i n v e s t i g a t e d  independently.  
Anodic a c t i v i t y  occurs  i n  a concentrated a r e a  and i s  q u i t e  i n t e n s e  
while  ca thod ic  a c t i v i t y  i s  u s u a l l y  spread over a l a r g e r  a r e a  and i s  
l e s s  i n t e n s e .  A s  a r e s u l t ,  measurements of l o c a l  co r ros ion  a r e  u s u a l l y  
aimed a t  d e t e c t i n g  anodic a c t i v i t y .  D i f f e r e n t  types of microprobes can 
be used t o  i n v e s t i g a t e  a l o c a l i z e d  a r e a .  These include microreference 
e l e c t r o d e s  f o r  measuring p o t e n t i a l  (61-68) ,  pH microreference 
e l e c t r o d e s  f o r  measuring pH i n  l o c a l  regions (69)  and scanning 
v i b r a t i n g  microelectrodes used f o r  measuring l o c a l  c u r r e n t s  ( 7 0 - 7 4 ) .  
Microreference e l e c t r o d e s  used f o r  measuring p o t e n t i a l  and pH a r e  
inexpensive and r e l a t i v e l y  easy t o  make i n  t h e  l abora to ry .  Scanning 
v i b r a t i n g  e l e c t r o d e s  used t o  measure co r ros ion  c u r r e n t s  a r e  more 
complicated t o  o p e r a t e  s i n c e  they  r e q u i r e  complicated mechanical 
d r i v e s  t o  achieve scanning and v i b r a t i n g  a c t i o n .  The fol lowing 
d i s c u s s i o n  w i l l  focus on t h e  c o n s t r u c t i o n  and o p e r a t i o n  of 
microreference e l e c t r o d e s .  
b .  Construct ion of Hicroreference E lec t rodes  
Microreference e l e c t r o d e s  can be a s  simple as  a s i n g l e  
platinum w i r e  coated with an i n s u l a t i n g  lacquer  ( 6 8 ) .  However, 
m e t a l l i c  wires  l e s s  t han  25 u m  a r e  d i f f i c u l t  t o  o b t a i n  and more 
d i f f i c u l t  t o  work wi th .  Typ ica l ly ,  microreference e l e c t r o d e s  a r e  
cons t ruc t ed  from a m e t a l l i c  wire immersed i n  an i o n i c  s o l u t i o n  
contained w i t h i n  a g l a s s  p i p e t t e .  The t i p  of t h e  p i p e t t e  i s  drawn down 
i n  a flame t o  t h e  d e s i r e d  diameter .  
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A typical glass microreference electrode constructed by Doig and 
Edington ( 6 3 )  in the above way used a 25 pm silver wire chlorodized in 
0.1 P1 hydrochloric acid. The chlorodized wire had a silver chloride 
surface and was suitable for use as a reference electrode. The wire 
was immersed in a glass capillary containing 1 PI NaCl solution. The 
tip of the electrode was drawn down so that the inner diameter of the 
glass capillary was 0.2  pm. 
A primary requirement for microreference electrodes is that they be 
small. That is that the tip of the electrode should be as small or 
preferably smaller than the region of from which the measurement is to 
be taken. The region of interest can be as large as the heat affected 
zone in a welded structure (millimeters) or as small as microstructural 
features in metals like larger second phase particles (tens of microns 
or less). 
In general, the smaller the electrode tip, the greater the 
sensitivity and utility of the electrode. The disadvantage is that 
small tipped electrodes generally have very high impedances leading to 
electrical noise which may become a problem. 
Another requirement for a microreference electrode is that it must 
remain stable over the course of the experiment. Silver-silver chloride 
electrodes fashioned from chlorodized silver wire exhibit excellent 
stability when properly prepared and aged ( 7 5 ) .  
c. Operation of Nicroreference Electrodes 
The ability of microreference electrodes to measure 
potential variations associated with local anodic areas depends on 
several factors. These include: the diameter of tip of the 
microelectrode, the distance between the the tip of the electrode and 
the metal surface, the conductivity of the electrolyte and the 
corrosion cell geometry (shape, anode to cathode area) on the surface 
of the working electrode. Presently, there is some debate over the 
relative importance among these factors. 
a 
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Microreference e l e c t r o d e s  do not  measure t h e  p o t e n t i a l  of t h e  
metal  s u r f a c e  but  r a t h e r  t h e  p o t e n t i a l  of t h e  metal s o l u t i o n  i n t e r f a c e  
i n  t h e  v i c i n i t y  of t h e  t h e  microelectrode t i p .  When examining anodic 
regions a s s o c i a t e d  wi th  s t r u c t u r a l  f e a t u r e s  i n  metals i t  i s  important 
t h a t  t h e  e l e c t r o d e  t i p  be c l o s e  enough t o  t h e  a r e a  of i n t e r e s t  so  t h a t  
measurable p o t e n t i a l s  can be d e t e c t e d ,  but  not  so c l o s e  t h a t  t h e  
presence of t h e  microelectrode t i p  i n t e r f e r e s  with t h e  d i s t r i b u t i o n  of 
t h e  p o t e n t i a l  f i e l d  (hence c u r r e n t  d e n s i t y  d i s t r i b u t i o n )  i n  s o l u t i o n .  
The e f f e c t  of co r ros ion  c e l l  geometry and s o l u t i o n  conduc t iv i ty  on 
t h e  performance of microreference e l e c t r o d e s  can be examined wi th  t h e  
fol lowing equat ion (76 ) :  
Li = K (dEii/dJil  
where K i s  t h e  s o l u t i o n  conduc t iv i ty  and t h e  q u a n t i t y  d E . / d J .  i s  simply 
t h e  p o l a r i z a t i o n  r e s i s t a n c e  i n  t h e  e l e c t r o l y t e  of t h e  i t h  redox couple .  
The q u a n t i t y  L o r  ' p o l a r i z a t i o n  parameter '  has u n i t s  of l eng th  and i s  
a q u a n t i t y  t h a t  has been used t o  c l a s s i f y  co r ros ion  c e l l s  s i n c e  t h e  
1 9 4 0 ' s .  Waber determined t h a t  L u s u a l l y  f a l l s  i n  t h e  range of 0 . 2 5  t o  
25 mm ( 7 7 ) .  
1 1  
i 
Another parameter,  def ined by S t e r n ,  i s  used t o  d e s c r i b e  g a l v a n i c  
c e l l s  by a c r i t i c a l  o r  c h a r a c t e r i s t i c  c e l l  dimension ( 7 8 ) .  This  
c h a r a c t e r i s t i c  d imens ion ,  A ,  is  u s u a l l y  taken as t h e  s m a l l e s t  dimension 
of t h e  anode a r e a .  Typ ica l ly ,  t h e  s m a l l e s t  dimension of an e l e c t r o d e  
e x e r t s  t h e  g r e a t e s t  i n f luence  on t h e  d i s t r i b u t i o n  of t h e  p o t e n t i a l  and 
c u r r e n t  d e n s i t y  f i e l d s .  
When t h e  p o l a r i z a t i o n  parameter,  L ,  is  less than t h e  c h a r a c t e r i s t i c  
c e l l  dimension, A ,  t h e r e  i s  s i g n i f i c a n t  p o t e n t i a l  and c u r r e n t  d e n s i t y  
v a r i a t i o n  i n  t h e  s o l u t i o n  i n  t h e  v i c i n i t y  of t h e  e l e c t r o d e .  When 
L ) ) 1, t h e  p o t e n t i a l  and c u r r e n t  d e n s i t y  f i e l d  v a r i a t i o n s  i n  t h e  
v i c i n i t y  of t h e  e l e c t r o d e  a r e  n e g l i g i b l e .  
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Sta rke  and Plarek (64) used t h e  arguments presented above i n  an 
attempt t o  v e r i f y  r e s u l t s  obtained i n  microelectrode s t u d i e s  of g r a i n  
boundaries i n  an aged A1-7.2Ng-4.4Cu a l l o y  immersed i n  3 .5  w/o NaCl 
s o l u t i o n  by Doig and Edington (63) .  S t a rke  and Plarek d id  not  measure 
any p o t e n t i a l  v a r i a t i o n  i n  t h e  v i c i n i t y  of g r a i n  boundaries u s ing  
Ag/AgCl microreference e l e c t r o d e s  i n  c o n t r a s t  t o  r e s u l t s  presented by 
Doig and Edington. S t a rke  and Plarek claimed t h a t  t h e  c h a r a c t e r i s t i c  
c e l l  dimension of a g r a i n  boundary i n  t h e  aged A1-7.2Mg-4.4Cu a l l o y  was 
t h e  h a l f  width of t h e  s o l u t e  dep le t ed  zone around t h e  g r a i n  boundary. 
Since t h e  p o l a r i z a t i o n  parameters,  L ,  f o r  l i k e l y  redox couples were 
much g r e a t e r  than t h e  h a l f  width of t h e  s o l u t e  dep le t ed  zone, n e g l i g i b l e  
v a r i a t i o n  i n  t h e  p o t e n t i a l  i n  t h e  e l e c t r o l y t e  i n  t h e  v i c i n i t y  of a 
g r a i n  boundary would be expected. Therefore  micro e l e c t r o d e s  could not 
be used f o r  measuring l o c a l  p o t e n t i a l  i n  t h i s  s i t u a t i o n .  
O'Halloran e t  a l .  (66)  used Ag/AgCl microreference e l e c t r o d e s  t o  
s tudy  l o c a l  p o t e n t i a l  v a r i a t i o n s  around co r ros ion  p i t s  i n  mild s t e e l  
immersed i n  NaCl s o l u t i o n  of varying concen t r a t ion .  They were a b l e  t o  
r e s o l v e  co r ros ion  p i t s  as  small  as  50 pm i n  diameter with an e l e c t r o d e  
t i p  t h a t  was 38 pm i n  diameter .  They a l s o  noted t h a t  t h e  s i g n a l  from 
t h e  microreference e l e c t r o d e  decreased s i g n i f i c a n t l y  f o r  an o r d e r  of 
magnitude i n c r e a s e  i n  t h e  e l e c t r o l y t e  concen t r a t ion .  
Kackley and La tan i s ion  (68) mechanically scanned a lacquered 100 pm 
platinum wire over t h e  s u r f a c e  of a 5052 aluminum a l l o y  immersed i n  
s l i g h t l y  d i l u t e d  ASTM s u b s t i t u t e  ocean wa te r .  Corrosion p i t s  as small  
a s  2 pm i n  width and 15 l.im i n  l eng th  were resolved i n  t h e i r  
experiments.  The l o c a t i o n  of t h e  p i t s  on t h e  scanning p l o t  were then  
c o r r e l a t e d  wi th  photomicrographs ob ta ined  wi th  a scanning e l e c t r o n  
microscope. 
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d .  Microreference Electrodes f o r  Pleasuring pH 
The c o n s t r u c t i o n  and use of pH microreference e l e c t r o d e s  
has been desc r ibed  by Davis ( 6 9 ) .  Microreference e l e c t r o d e s  were used 
t o  measure t h e  pH i n  mechanically induced cracks i n  s i n g l e  edge notched 
(SEN) 7075-T651 shee t  immersed i n  4.46  w/o K C 1  s o l u t i o n .  
The conf igu ra t ion  of t h e  pH microreference e l e c t r o d e s  used i n  t h i s  
experiment was s i m i l a r  t o  t h a t  of t h e  Ag/AgCl microreference e l e c t r o d e s  
desc r ibed  above. The pH microreference e l e c t r o d e s  were made f o r  pH 
g l a s s  p i p e t t e s  (Corning 0150 pH g l a s s )  mechanically drawn by p i p e t t e  
p u l l e r  t o  a t i p  diameter of 1 t o  5 pm. In  t h i s  ca se  t h e  t i p  of t h e  
e l e c t r o d e  was s e a l e d .  The p i p e t t e  was f i l l e d  with double d i s t i l l e d  
wa te r ,  and a 125 pm diameter platinum wire  was i n s e r t e d  and t h e  p i p e t t e  
was s e a l e d .  The e l e c t r o d e  was c a l i b r a t e d  by measuring t h e  p o t e n t i a l  of 
t h e  pH microelectrode with r e spec t  t o  an Ag/AgCl microelectrode i n  
s o l u t i o n s  bu f fe red  t o  pH s o l u t i o n s  i n  t h e  range of i n t e r e s t .  
The pH i n  t h e  crack i n  t h e  SEN specimen was measured i n  a f a s h i o n  
s i m i l a r  t o  t h a t  i n  t h e  c a l i b r a t i o n  p rocess .  Both t h e  pH re fe rence  and 
t h e  Ag/AgCl r e fe rence  e l e c t r o d e s  were i n s e r t e d  i n t o  t h e  crack and t h e  
p o t e n t i a l  d i f f e r e n c e  was recorded. The pH was then  determined from t h e  
c a l i b r a t i o n  curve.  Values of pH ranging from 2 t o  10 were measured i n  
c racks  u s i n g  t h i s  technique.  
e. Some Experimental Techniques 
Microreference e l e c t r o d e s  can be used f o r  co r ros ion  
measurements i n  a v a r i e t y  of arrangements. Three of t h e s e  arrangements 
a r e  desc r ibed  below. 
The f i r s t  commonly used arrangement u t i l i z e s  a microreference 
e l e c t r o d e  and another  s t anda rd  r e fe rence  e l e c t r o d e  i n  an e l ec t rochemica l  
t e s t  c e l l .  The microreference e l e c t r o d e  is  pos i t i oned  i n  t h e  v i c i n i t y  
of t h e  a r e a  of i n t e r e s t  on t h e  working e l e c t r o d e .  The microreference 
e l e c t r o d e  can be pos i t i oned  manually o r  by micromanipulators.  Another 
s t anda rd  r e fe rence  e l e c t r o d e  i s  then  pos i t i oned  f u r t h e r  away from t h e  
s u r f a c e  of t h e  working e l e c t r o d e .  
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The microreference electrode measures a potential which is largely 
determined by reactions occurring on the local surface of the working 
electrode. The standard electrode further away from the working 
electrode measures a potential which is determined, for the most part, 
by the reactions occurring on the majority, of the surface of the 
working electrode. The potential difference between the two reference 
electrodes can then be plotted as a function of other quantities like 
time or net corrosion current. Another option for data presentation is 
to measure the potential difference between the microreference 
electrode and the working electrode itself as a function of time or net 
current or posit ion. 
A second experimental arrangement uses a single microreference 
electrode that is scanned over some prescribed area of the working 
electrode. Using this type of technique, isopotential contour maps can 
be developed which are usually used to highlight areas of significant 
anodic activity associated with pitting ( 6 5 , 6 6 , 6 8 ) .  
There are two important drawbacks to the scanning microref erence 
electrode methods. The first disadvantage is that the scanning of the 
electrode agitates the solution. The second disadvantage is that a 
single area scan can take up to several minutes. In a potentiodynamic 
polarization experiment changes in the position and intensity of 
corrosion activity might be missed. 
The problems associated with the scanning electrode methods can be 
eliminated by using an array of microreference electrodes. The array 
of electrodes is held stationary and eliminates agitation. The 
electrodes can be monitored continuously or can be scanned 
electronically. A complete area scan performed electronically can be 
completed much more quickly than a mechanical scan thereby increasing 
the chances of detecting transient behavior during an experiment 
performed under potentiodynamic conditions. 
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3 .  Report on Research Conducted t o  Date 
a .  Microreference E lec t rodes  
A s  d i scussed  i n  t h e  o r i g i n a l  r e sea rch  proposal (20), 
microreference e l e c t r o d e s  were cons t ruc t ed  and t e s t e d  t o  determine t h e  
p r a c t i c a l i t y  of u t i l i z i n g  them f o r  measuring p o t e n t i a l s  and pH values  
i n  t h e  v i c i n i t y  of corroding g r a i n  boundaries ,  r e a c t i v e  p r e c i p i t a t e s  
and occluded geometr ies .  Techniques f o r  c o n s t r u c t i n g  Ag/AgCl 
microreference e l e c t r o d e s  and g l a s s  pH microreference e l e c t r o d e s  i n  t h e  
l abora to ry  have been developed with some a s s i s t a n c e  from concepts 
r epor t ed  i n  t h e  l i t e r a t u r e .  The method used he re  follows c l o s e l y  t o  
t h a t  used by Doig and Edington (63), Davis (69) and Ives  and Janz (75). 
Ag/AgCl microreference e l e c t r o d e s  have been constructed and t e s t e d  f o r  
s t a b i l i t y  of p o t e n t i a l  and a b i l i t y  t o  d e t e c t  v a r i a t i o n s  i n  p o t e n t i a l  on 
a co r rod ing  metal s u r f a c e .  P o t e n t i a l  v a r i a t i o n s  a s  small  a s  0.25 mV 
have been de tec t ed  i n  s o l u t i o n  nea r  a c t i v e l y  corroding p i t s  on t h e  
s u r f a c e  of a l l o y  2090 (A1-2.7Cu-2.2Li-0.12Zr). 
The technique developed f o r  c o n s t r u c t i n g  Ag/AgCl microreference 
e l e c t r o d e s  ( h e r e a f t e r  c a l l e d  microelectrodes)  i s  r e l a t i v e l y  simple and 
has been r epea ted ly  c a r r i e d  out  i n  our l abora to ry .  The microelectrode 
is  a 250 pm diameter pure Ag wire  t h a t  has been anod ica l ly  p o l a r i z e d ,  
o r  chlorodized,  i n  hydrochlor ic  a c i d .  Up t o  t e n  2 . 5  cm Ag wires were 
chlorodized a t  a t i m e .  The wires  were immersed i n  1 . 0  Pl HC1 a s  working 
e l e c t r o d e s .  A platinum counter  e l e c t r o d e  and r e fe rence  e l e c t r o d e  were 
used i n  t h i s  arrangement. The c e l l  was p o t e n t i o s t a t i c a l l y  c o n t r o l l e d  t o  
maintain a c u r r e n t  The 
s i l v e r  wires  developed a brown t o  pu rp le  coa t ing  a s  t h e  ch lo rod iz ing  
proceeded. Af t e r  t h e  process  was completed t h e  chlorodized wires were 
s t o r e d  i n  3.5 w / o  NaCl s o l u t i o n  f o r  aging.  P o t e n t i a l s  measured versus  
a calomel e l e c t r o d e  showed t h a t  p o t e n t i a l  v a r i a t i o n  with t ime d i d  occur 
and s t a b l e  p o t e n t i a l s  were reached a f t e r  about 3 days.  For  most poten- 
tiodynamic p o l a r i z a t i o n  experiments ( l a s t i n g  less than 10 minutes) t h e  
d e n s i t y  of 7 t o  10 ma/cm2 f o r  10 minutes.  
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variation in Ag/AgCl potential was negligible, hence aging was 
unnecessary prior to use of the microelectrode for experiments of short 
duration. 
For use in experiments, the chlorodized Ag wire was placed in a 
glass pipette filled with 3.5 w/o NaCl solution (the test solution for 
most experiments). The end of the pipette was drawn down to an inner 
bore diameter of less than 5 pm (Fig. 3 8 ) .  To introduce solution into 
the small end of the pipette, the pipettes were boiled in the solution 
for 30 minutes. Boiling served to drive all of the gas out of the 
narrow end of the pipette. After the wire was inserted into the 
pipette, the large end of the glass pipette was sealed with wax or 
rubber cement. 
Aged microelectrodes showed excellent stability, in that the 
measured potential drift between a calomel electrode and microreference 
electrode in 3 . 5  w / o  NaCl solution was less than 3 mV. 
The microelectrode’s ability to detect variations in potential was 
tested in potentiodynamic polarization scans performed on Alloy 2090 in 
aerated 3 . 5  w/o NaCl solution. The cell was set up on the stage of an 
upright Olympus BHElJ-N optical microscope equipped with extended 
working distance objective lenses (about 7 mm for a 20 X lens). The 
microscope allowed for accurate placement of the microelectrode tip and 
also allowed for observation of corrosion activity in situ. 
The microelectrode tip was manually positioned near a site likely 
to initiate a pit. In these experiments Fe-rich constituent particles 
were known to be such sites (Fig. 3 9 ) .  A calomel electrode was 
positioned several millimeters away from the surface of the working 
electrode in the cell. The electrical leads of the microelectrode and 
the calomel electrode were connected directly to a strip chart recorder 
and the difference between the two was measured during polarization 
scans. 
The lower limit of the polarization scans were -1000 mV SCE or 
-1300 mV SCE and upper limits were -450 mV SCE. The scan rate was 
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5 mV/sec. Open c i r c u i t  co r ros ion  p o t e n t i a l s  i n  a i r  were determined t o  
be i n  t h e  range of -780 t o  -740 mV. P o t e n t i a l  sp ikes  r ep resen t ing  t h e  
d i f f e r e n c e  i n  p o t e n t i a l  between t h e  microelectrode over an a c t i v e  p i t  
and a calomel e l e c t r o d e  removed from t h e  s u r f a c e  of t h e  working 
e l e c t r o d e  were recorded. The magnitude of t h e  sp ikes  was between 1 7  
and 20 mV (F ig .  40 ) .  The onset  of t h e  p o t e n t i a l  sp ikes  occurred when 
t h e  working e l e c t r o d e  was p o l a r i z e d  t o  about -585 mV and ended a t  a 
p o l a r i z a t i o n  p o t e n t i a l  of about -690 m V .  The onse t  of t h e  p o t e n t i a l  
s p i k e  corresponded t o  onse t  of copious gas ( e . g .  H ) evo lu t ion  from t h e  
mouth of t h e  p i t .  
2 
A second type of experiment was performed t o  measure t h e  d i f f e r e n c e  
i n  p o t e n t i a l  between a region t h a t  was a c t i v e l y  p i t t i n g  and a region 
t h a t  was apparent ly  qu ie scen t .  Again a microelectrode was pos i t i oned  
over a s i t e  l i k e l y  t o  i n i t i a t e  a p i t .  Another microelectrode was 
pos i t i oned  a few microns away but not  near a s i t e  f avorab le  f o r  p i t t i n g .  
A p o l a r i z a t i o n  scan i d e n t i c a l  t o  t h e  one descr ibed above was performed. 
The beginning and end of t h e  p o t e n t i a l  s p i k e  and t h e  onse t  of gas 
evo lu t ion  from t h e  mouth of t h e  p i t  were t h e  same a s  desc r ibed  f o r  t h e  
f i r s t  experiment. However, t h e  magnitude of t h e  s p i k e  was 0 . 6  mV f o r  
t h e  f i r s t  scan  and 0.25 mV f o r  a second scan (F ig .  41 ) .  
b .  In S i t u  Corrosion Observations 
Use of t h e  long working d i s t a n c e  o p t i c a l  microscope 
desc r ibed  above allows f o r  t h e  obse rva t ion  of co r ros ion  of a working 
e l e c t r o d e  i n  an aqueous environment while  i t  t akes  p l a c e .  The maximum 
magn i f i ca t ion  t h a t  can be achieved wi th  t h e  microscope i s  500 1y and 
f e a t u r e s  a s  small  a s  a few micrometers can be e a s i l y  resolved.  
The evo lu t ion  of gas from s i t e s  of i n t e n s e  a c t i v i t y  i s  t h e  most 
e a s i l y  d i s t i n g u i s h a b l e  event t h a t  i s  observed (F ig .  42) .  Gas bubbles 
a r e  o f t e n  observed coming out  of p i t s  over a l a r g e  range of p o t e n t i a l s  
du r ing  a p o l a r i z a t i o n  scan.  Gas evo lu t ion  is  t h e  most i n t e n s e  a t  
p o t e n t i a l s  more anodic than t h e  breakaway p o t e n t i a l  ( -600  mV) and a t  
extreme ca thod ic  p o t e n t i a l s  (‘-1200 mV). 
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Pre l iminary  observa t ions  i n d i c a t e  t h a t  t h e r e  a r e  s i t e s  which 
evolve gas  when t h e  working e l ec t rode  i s  anodica l ly  po la r i zed  wi th  
r e spec t  t o  t h e  open c i r c u i t  cor ros ion  p o t e n t i a l ,  but  a r e  not  v i s i b l y  
a c t i v e  when t h e  working e l ec t rode  i s  po la r i zed  ca thod ica l ly  (F ig .  
4 3 a , b , c ) .  Other s i t e s  appear t o  be a c t i v e  a t  both l a r g e  anodic and 
ca thodic  p o l a r i z a t i o n s .  
c .  Simulated Local Environment Tes t s  
Local environment t e s t s  have been used ex tens ive ly  by 
Holroyd e t  a l .  i n  ca t egor i z ing  t h e  cor ros ion  and s t r e s s  co r ros ion  
behavior  of an Al-Li-Cu-Plg a l l o y ,  8090 (49,55,56). Two primary types  of 
experiments descr ibed  by Holroyd e t  a l .  were used i n  t h i s  s tudy  of  
a l l o y  2090. I n  t h e  f i r s t  type  of experiment an a r t i f i c i a l  c r e v i c e  was 
machined i n  two specimens. The f i r s t  specimen was so lu t ion ized  and co ld  
water quenched. The second was s o l u t i o n i z e d ,  cold water quenched and 
aged a t  16OoC f o r  14 hours corresponding t o  a peak t o  s l i g h t l y  over 
aged condi t ion  f o r  2090. A round ho le ,  1 cm i n  diameter and 3 .5  c m  
deep, was d r i l l e d  i n  t h e  specimen. The hole  was f i l l e d  wi th  3.5 w/o 
NaCl s o l u t i o n  and a g l a s s  pH e l ec t rode  was i n s e r t e d .  The ho le  was then 
sea l ed  wi th  wax t o  reduce t h e  amount of oxygen t h a t  could d i f f u s e  i n t o  
t h e  s o l u t i o n .  The pH was measured as  a func t ion  of t i m e  f o r  104 
minutes (F ig .  44 ) .  
The i n i t i a l  pH was measured a t  6 . 5  and s t e a d i l y  increased  t o  a pH 
of 8.75 f o r  t h e  peak aged a l l o y  and 8.25 f o r  t h e  s o l u t i o n i z e d  a l l o y  
a f t e r  about 100 minutes.  Measured pH va lues  f o r  t h e  s o l u t i o n i z e d  a l l o y  
then  f e l l  t o  6 .5  before  s t a b i l i z i n g  a t  pH 8 . 0 .  The pH f o r  t h e  aged 
a l l o y  f e l l  t o  a va lue  of about 7 .5  a f t e r  2000 minutes,  bu t  d i d  no t  
e x h i b i t  t h e  same degree of s t a b i l i t y  a s  t h e  so lu t ion ized  a l l o y .  
I n  t h e  second experiment,  15 grams of machine shavings of 
s o l u t i o n i z e d  and aged 2090 were immersed i n  a volume of N a C l  s o l u t i o n  
(about 30 ml) which j u s t  covered t h e  shavings.  The o b j e c t  of t h i s  
experiment was t o  determine t h e  e f f e c t  of a l a r g e  ( c rev ice )  s u r f a c e  a r e a  
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t o  s o l u t i o n  volume r a t i o  on t h e  s o l u t i o n  chemistry.  Solu t ion  pH was 
cont inuous ly  monitored wi th  g l a s s  pH e l ec t rodes  f o r  8000 minutes 
(F ig .  4 5 ) .  
I n i t i a l  s o l u t i o n  pH va lues  were 7 . 2 5 .  Measured pH va lues  f o r  both 
t h e  s o l u t i o n i z e d  and aged shavings s t e a d i l y  increased .  Both pH va lues  
s t a b i l i z e d  a t  10 .5 .  
I t  should be noted t h a t  t h e  r e s u l t s  f o r  s imulated loca l  
environments a r e  based on one s e t  of tes ts .  While these  t r ends  agree 
wi th  d a t a  repor ted  f o r  A l - L i - C u  a l l o y s ,  t h e  r e s u l t s  should be regarded 
a s  p re l imina ry .  
d .  Scanning Elec t ron  Microscopy and Energy Dispers ive  
Spectroscopy 
Scanning Elec t ron  Microscopy (SEM) has been used i n  
examining p i t t e d  su r faces  and p i t  morphology because of t h e  l a r g e  depth 
of focus t h a t  can be a t t a i n e d .  Energy Dispers ive  Spectroscopy (EDS) 
was used i n  determining t h e  presence and d i s t r i b u t i o n  of elements l i k e  
i r o n ,  copper ,  magnesium, c h l o r i n e ,  e t c .  i n  and around p i t s .  
Scanning e l e c t r o n  microscopy was performed on a JEOL JSN-35 
scanning e l e c t r o n  microscope. EDS was performed wi th  a Tracor-Northern 
5500 EDS/Image Analysis System a t t ached  t o  t h e  JSM-35. The TN 5500 
system has t h e  a b i l i t y  t o  q u a n t i t a t i v e l y  a s ses s  t h e  composition of a 
selected reg ion  of a specimen su r face  scanned by t h e  JSfl-35. The  d a t a  
can be d isp layed  numerical ly ,  g r a p h i c a l l y  o r  p i c t o r i a l l y  by way of X-ray 
mapping . 
EDS spectrum a n a l y s i s  of a p i t t e d  reg ion  sugges ts  t h a t  v a r i a t i o n  
i n  t h e  d i s t r i b u t i o n  of elements l i k e  c h l o r i n e  and copper can be 
a s s o c i a t e d  i n  d i f f e r e n t  p a r t s  of a p i t  (F ig .  4 6 ) .  X-ray mapping of a 
p i t  a l s o  i n d i c a t e s  t h a t  p i t t i n g  i s  a s soc ia t ed  wi th  higher  than average 
concen t r a t ions  of copper.  
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C .  Futu re  Work 
1. Study of Local Corrosion U t i l i z i n g  Nicroelectrodes and 
In S i t u  Observation 
The p o t e n t i a l  f i e l d  v a r i a t i o n  i n  t h e  v i c i n i t y  of a p i t  w i l l  
be measured by us ing  an a r r a y  of a small  number of microelectrodes This 
information can then be c o r r e l a t e d  t o  p i t  morphology and co r ros ion  
product composition obtained by SEN and EDS a n a l y s i s .  Of p a r t i c u l a r  
i n t e r e s t  i s  t h e  phenomenon of copper p l a t i n g  on t h e  wa l l s  of c r e v i c e s  
and p i t s  which has p rev ious ly  been r epor t ed  t o  occur i n  Al-Li-Cu-Fig 
a l l o y s  (55) .  
Microelectrodes w i l l  a l s o  be employed t o  i s o l a t e  and i d e n t i f y  
s i t e s  t h a t  a r e  s u s c e p t i b l e  t o  p i t t i n g .  P r e s e n t l y ,  it is known t h a t  Fe 
r i c h  c o n s t i t u e n t s  a r e  such s i t e s  but experimental  obse rva t ions  show 
t h a t  p i t t i n g  is occur r ing  a t  o t h e r  s i t e s  a s  w e l l .  Differences i n  t h e  
p i t t i n g  p o t e n t i a l s  f o r  t h e s e  s i t e s  might be determined by us ing  
microelectrodes t o  d e t e c t  t h e  onset  of p o t e n t i a l  v a r i a t i o n  du r ing  an 
anodic  p o l a r i z a t i o n  scan .  The e f f e c t s  of aging and environment 
chemistry on p i t t i n g  p o t e n t i a l s  might then be determined. Resu l t s  w i l l  
be compared t o  s i m i l a r  tes ts  performed on a l l o y  2 0 2 4 .  
I n  r e sea rch  performed a t  t h e  Un ive r s i ty  of V i r g i n i a ,  P i a s c i k  has 
found t h a t  p i t t i n g  of 2090 occurs a t  p o t e n t i a l s  more ca thod ic  than t h e  
p i t t i n g  p o t e n t i a l .  By measuring t h e  v a r i a t i o n  i n  t h e  p o t e n t i a l  near  a 
s i t e  l i k e l y  t o  i n i t i a t e  a p i t  w i th  a microelectrode t h e  time and 
environmental  cond i t ions  r equ i r ed  f o r  p i t  i n i t i a t i o n  may be 
i d e n t i f i e d .  Again, d a t a  w i l l  be compared t o  t h a t  obtained i n  s i m i l a r  
r e s u l t s  performed on Alloy 2 0 2 4 .  
a .  In  S i t u  Corrosion Observations 
Using t h e  Olympus BHElJ o p t i c a l  microscope and a video 
camera attachment,  a video recording of t h e  changes occur r ing  on a 
working e l e c t r o d e  s u r f a c e  du r ing  a potentiodynamic p o l a r i z a t i o n  scan 
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w i l l  be recorded.  Images w i l l  be referenced t o  t h e  app l i ed  p o t e n t i a l  
and t h e  measured n e t  co r ros ion  c u r r e n t .  
b .  pH Nicroreference Electrodes 
The method f o r  cons t ruc t ing  microreference pH e l e c t r o d e s  
de r ived  from l i t e r a t u r e  w i l l  be app l i ed .  C a l i b r a t i o n  and t e s t i n g  of 
t h e  e l e c t r o d e s  w i l l  be performed. C a l i b r a t i o n  w i l l  i nc lude  t h e  d e r i -  
v a t i o n  of c a l i b r a t i o n  curves r e l a t i n g  measured p o t e n t i a l  and s o l u t i o n  
pH. Basic experiments including t h e  measurement of t h e  v a r i a t i o n  of pH 
wi th in  a c t i v e l y  corroding p i t s  and a r t i f i c i a l  crevices w i l l  be 
performed. A comparison of d a t a  obtained i n  experiments f o r  Alloy 2090 
and convent ional  high s t r e n g t h  aluminum a l l o y s  l i k e  2024 and 7075 w i l l  
be made. A comparison t o  experimental  and t h e o r e t i c a l  r e s u l t s  r epor t ed  
by Holroyd e t  a l .  f o r  Al-Li-Cu-Mg w i l l  a l s o  be p o s s i b l e  ( 4 9 , 5 5 , 5 6 ) .  
c .  Simulated Occluded Environments 
A r t i f i c i a l  c r ev ices  of varying geometry w i l l  be machined 
i n  2090 and 2 0 2 4 .  pH w i l l  then be measured by commercial g l a s s  pH 
e l e c t r o d e s  and pH microreference e l e c t r o d e s  a s  a funct ion of t i m e .  The 
e f f e c t  of varying aging t reatment  and a v a i l a b i l i t y  of oxygen t o  t h e  
c r e v i c e  s o l u t i o n  w i l l  be examined. Experiments w i l l  be performed i n  
which t h e  specimen w i l l  be coupled t o  e x t e r n a l  cathode and immersed i n  
a l a r g e  volume of s o l u t i o n .  pH versus t ime behavior and c r e v i c e  mouth 
p o t e n t i a l  ve r sus  time behavior w i l l  be examined. Scanning electron 
microscopy and energy d i s p e r s i v e  spectroscopy w i l l  be used t o  examine 
t h e  l o c a l  co r ros ion  of t h e s e  specimens. 
Shavings experiments w i l l  be performed on 2090 and 2024 t o  
determined t h e  e f f e c t  of t h e  v a r i a t i o n  of metal  s u r f a c e  a r e a  t o  s o l u t i o n  
volume on t h e  pH versus time behavior of t h e  system. The e f f e c t  of 
oxygen a v a i l a b i l i t y  and aging t reatment  w i l l  a l s o  be examined. 
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ENVIRONMENTAL DEGRADATION OF A1-Li ALLOYS : 
THE EFFECT OF HYDROGEN 
Robert E. Swanson 
Virginia Polytechnic Institute 
and State University 
A. Summary 
This proposal describes a 24-month study to characterize the 
effects of hydrogen on the mechanical behavior and microstructure of AA 
2090, an A1-Li alloy intended for use as tank material for the cryogenic 
storage of hydrogen. Microstructural characterizations will include: 
optical microscopy, scanning electron microscopy (SEM), transmission 
electron microscopy (TEN), and differential thermal analysis (DTA) or 
differential scanning calorimetry (DSC) . Mechanical property 
characterizations will include uniaxial tension tests, biaxial loading 
tests, Charpy impact tests, and microhardness indentation tests. 
The goal of the project is to increase the understanding of the 
role of microstructure and stress state on the susceptibility to 
hydrogen damage in A1-Li alloys. The coupling of the University of 
Virginia and the Virginia Tech programs, and the interaction between 
investigators, will greatly assist in meeting this goal. 
B. Introduction and Background 
The design and manufacture of the next generation of aerospace 
structures will require materials of high specific strength and 
specific stiffness to achieve major weight savings. Fatigue behavior 
and environmental degradation must also be evaluated to assure 
durability. Stress corrosion cracking (SCC) of a structural component 
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made of high-strength aluminum alloys has led to many failures in the 
aircraft industry. More specifically, the exposure of these alloys to 
hydrogen from gaseous or aqueous sources is a major concern. 
The A1-Cu base alloy, AA 2024, and the Al-Zn-Ng-Cu alloy, AA 
7075, are two of the most widely used aluminum alloys in aerospace 
applications. A modification of the 7xxx-series includes the addition 
of cobalt to reduce SCC susceptibility. These alloys, AA 7090 and AA 
7091, have been used but are rapidly being displaced by A1-Li base 
alloys, largely due to increases in strength-to-weight and 
stiffness-to-weight ratios. A fundamental problem with the use of 
A1-Li base alloys is the propensity for localized corrosion at 
lithium-rich phases along grain boundaries (79-82). A comprehensive SCC 
study of 2090 (A1-2.7Cu-2.2Li-0.12Zr) found that overaging reduced SCC 
resistance, likely due to increased amounts of 6 (AlLi) at grain 
boundaries (82). This is in contrast to 7075 and 7090, where overaging 
tends to reduce SCC susceptibility compared with the peak age condition 
(83,84). 
Although extensive studies have been conducted on the specific 
mechanisms of SCC in high-strength alloys such as 7075 (85-94), no such 
study has been conducted on 2090. Additionally, the effect of hydrogen 
alone on mechanical property degradation has not been evaluated. 
Although the rate of diffusion of hydrogen in aluminum alloys is 
low (about 10 cm sec ) ( 9 5 ) ,  the accumulation of hydrogen at 
second-phase particles and precipitates is generally considered to 
promote microvoid initiation via the fracture of particles or the 
weakening of particle-matrix interfaces. Strain field interaction 
then leads to void growth and coalescence. An understanding of the role 
of hydrogen in these processes will aid in the establishment of design 
guidelines for current alloys and will suggest modifications for the 
design of new, resistant alloys. 
-14 2 -1 
Although the formation of an aluminum hydride has been proposed 
as causing SCC in moist air, its stability is uncertain (96). However, 
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the formation of lithium hydride must be considered in alloys such as 
2090 (97) .  The formation and stability of lithium hydride must be 
evaluated. 
Since several design uses of 2090 include cryogenic storage of 
liquid hydrogen in tanks, the effects of hydrogen on the low 
temperature mechanical behavior of 2090 must be investigated. In 
addition, biaxial loading studies must be incorporated. 
C. Technical Program 
This program includes the characterization of 2090 aluminum, and 
possibly other A1-Li alloys, supplied by either Alcoa or NASA. The 
Virginia Tech program will include evaluation of the same commercial and 
model alloys used in the University of Virginia studies. This will 
assure that the various characterizations can be combined for a compre- 
hensive understanding of the environmental degradation of 2090. In 
addition this will help minimize duplication of some characterizations. 
1. Nicrostructure 
The microstructural characterization of 2090 in the U A ,  PA, 
and OA conditions will include optical microscopy and SEN for grain 
structure and degree of recrystallization. TEM/STEEl examinations of 
thin film as well as bulk specimens will provide general information 
about dispersoid and precipitate type, size, and distribution; solute 
depletion; and slip character. Because the electron microscopy could 
become an extensive investigation itself, the Virginia Tech study will 
utilize results from the University of Virginia study as well as 
literature results. 
Virginia Tech will perform DTA and/or DSC analysis to follow 
coarsening and precipitation reactions. In addition, DSC analysis of 
specimens cathodically charged with hydrogen will provide information on 
the effect of hydrogen on these reactions, as well as on the possible 
formation of hydrides. 
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Nicrohardness tests of both uncharged and cathodically precharged 
specimens will provide a simple mechanical property for correlations 
with the above results. Previous studies with 7075 and 2024 have 
shown that hydrogen may promote overaging ( 9 8 ) .  
2 .  Charpy Impact Tests 
Charpy impact tests will be conducted on the instrumented 
impact tester with a microcomputer data acquisition system. Tests will 
be conducted from -196OC to 100°C, using uncharged and cathodically 
charged notched bars of all three tempers. This test system allows for 
separation of initiation from propagation. Representative CVN energy 
versus time results are shown in Figure 47 for a high-strength steel. 
Figure 48 shows that the initiation energy is essentially constant over 
the range of test temperatures, while the total energy curve tends to 
follow the propagation energy curve. Such tests will be conducted on 
2090 to evaluate the effect of hydrogen charging on initiation and 
propagation events. Correlations of these results will be made with 
fractography. 
In order to evaluate the effect of orientation on hydrogen 
embrittlement, two orientations of the PA temper will be evaluated, ST 
and LT. These samples will be coated with a barrier lacquer to minimize 
hydrogen pickup except at the notch. Because of the disk-shaped grains, 
the ST orientation is expected to have lower values of CVN energy than 
the LT orientation. It is not known which orientation is more affected 
by internal hydrogen. 
Some Charpy bars of the PA temper will be machined to give a range 
of notch root radius. The PA temper is selected because of the low 
fracture toughness of the OA temper. Some bars will be fatigue 
precracked, using the machine purchased in the first year of the work. 
These bars, having a range of root radius, from a crack to the standard 
value of 0 . 2 5  mm, will be tested at two strain rates. 
Some specimens will be tested in slow 3-point bending, while others 
will be tested with the standard Charpy impact method. Apparent fracture 
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toughness and CVN values will be plotted against notch root radius as 
well as against the square root of notch root radius. These tests will 
permit us to determine if a stress singularity exists for the V-notch at 
two strain rates. 
3 .  Stress State Effects 
Because balanced biaxial loading more closely simulates the stress 
state for the storage of pressurized hydrogen than does uniaxial tensile 
testing, it is essential that this study include biaxial loading of 2090 
in a clamped disk test fixture. The ideal test would be done at 
cryogenic temperatures with liquid hydrogen as the loading fluid. 
Stress state studies on the SCC and hydrogen degradation of 7075 
and 7090 have shown that Mode I11 (torsion) loading produced less 
embrittlement than Node I (tension) loading. The degree of 
embrittlement decreased with aging for both alloys, being lowest for the 
overaged condition ( 8 5 , 9 9 ) .  These results demonstrate the need for 
correlation between the stress state in laboratory tests and actual 
design practice. 
A disk rupture system for biaxial loading was designed at Virginia 
Tech (100). A schematic diagram of the system is shown in Figure 4 9 .  
The working part of the system consists of a thick walled stainless 
steel plenum in which disks from 8 . 9  to 10 cm in diameter are clamped 
against an annulus. Pressurized gas is applied to one side of the disk, 
forcing it to bulge through the hole in the annulus. A convenient 
feature of the system is that it allows direct exposure to hydrogen (or 
any other gas) without the need for dynamic seals or elaborate test 
chambers. 
Because the oxide film on aluminum alloys acts as a diffusion 
barrier, it may be necessary to cathodically charge the disks prior to 
loading. If this is the case, nitrogen will be used as the loading 
fluid for both charged and uncharged disks. These tests will be 
conducted at room temperature. 
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In order to facilitate hydrogen uptake, some disks will be abraded 
immediately prior to pressurizing with hydrogen. The abraded surface 
will not only remove the oxide layer, but will also tend to catalyze 
hydrogen uptake. 
Some disks will be intentionally pitted prior to pressurizing. We 
will also attempt to preferentially pit grain boundary regions for 
comparison with pits within grains. This will allow us to evaluate the 
effect of grain boundary chemistry on the hydrogen embrittlement effect. 
Disk rupture tests typically have failures which can be classified 
as b u r s t s  (ductile rupture) or leaks (brittle, early failnre). In 
addition dome height position can be measured, via linear variable 
displacement transducers, as a function of gas pressure. This provides 
a means to evaluate deformation during the test. 
Another method for evaluating disk rupture tests is the acoustic 
emission technique. A recent study using 1015 steel showed that 
cumulative acoustic emission counts, plotted as a function of gas 
pressure, gave significantly different results for testing in hydrogen 
compared with testing in nitrogen. Figure 5 0  shows the results, with a 
proposed mechanism to describe the difference. Alloy 2090 can be 
expected to provide different results. However, the disk rupture 
system, coupled with the acoustic emission technique, will help in 
assessing the effect of gaseous and/or cathodic hydrogen on the 
mechanical behavior of 2 0 9 0 ,  in the three tempers, in biaxial loading. 
4. Material Needs 
The material needs for this study are shown in the table 
below. The extensive Charpy impact testing will require the most 
material, due to the need for replicate testing for most conditions. 
The stress state study will use sheet material. ALCOA has already 
offered to supply 2090 and 2091 sheet material. 
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Test Material 
Charpy Impact 1.3 cm plate, 25 cm by 250 cm 
Stress State 0 . 6  mm sheet, 30 cm by 250 cm 
Residual Stress 6 . 5  mm plate, 25 cm by 250 cm 
D. Statement of Work 
As part of a 24-month study, we will focus on microstructural 
aspects of hydrogen degradation in A1-Li alloys. This work will 
complement that done at the University of Virginia. 
E. Key Personnel 
The key personnel for the proposed research are Robert E. Swanson 
(Assistant Professor) and Robert W. Hendricks (Professor). Swanson is 
noted for his contributions in the area of stress state effects in 
metallic alloys and has considerable experience in the characterization 
and testing of rapidly solidified alloys, including atomized aluminum 
alloys such as 7 0 9 0 ,  twin-piston splat quenched magnesium alloys, and 
melt-spun aluminum-iron alloys. He is an expert in the fields of 
corrosion and fracture mechanics and has considerable experience in 
electron microscopy. 
Nr. Swanson's resume is presented in Appendix 11. 
e 
F. Equipment and Facilities 
Virginia Polytechnic Institute and State University 
1. Introduction 
0 Located in the scenic mountains of southwestern Virginia, 
Virginia 'Tech is one of the nation's major institutions of higher 
learning. Sharing the distinctive character of both a land-grant and 
sea-grant university, Tech provides broad academic offerings, large 
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scale public service, and a wide spectrum of basic and applied research. 
With nearly 23,000 undergraduate and graduate students and a faculty of 
some 2,000, Tech is the largest university in the Commonwealth of 
Virginia. 
Tech's fiscal 1986-87 research expenditures totaled $75 million and 
are soon expected to reach the $100 million mark. In total research 
expenditures, Tech ranks 49th, according to a recent National Science 
Foundation (NSF) Survey of 91 universities that spend more than $30 
million annually in support of research activities. And Tech continues 
to be within the top ten percent of universities in terms of research 
expenditures derived from industrial sources. A strong funding support 
base for research is shown by the fact that no one sponsor provides more 
than fifteen percent of the university's total sponsored research 
expenditures. 
In addition to a strong research focus on engineering and 
agribusiness at Tech, university scientists are investigating a host of 
areas as diverse as cancer, geothermal energy, bacterial production of 
methane, robotics, social problems, power electronics, composites, 
absenteeism in business, air pollution, and quasars. 
Virginia Tech has established a mutually beneficial relationship 
with business and industry in recognition of the need to engage in 
research dealing with the problems and opportunities of the private 
sector. 
The close relationship between graduate programs and research 
ensures that problems, solutions, and techniques associated with 
specific research projects become a part of classroom curricula. Tech's 
broad and comprehensive research program provides excellent 
opportunities for graduate students to become involved in important 
research projects . 
2. Academic Colleges 
The University consists of eight academic colleges with over 
70 separate departments. 
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College of Agriculture and Life Sciences 
The College of Architecture and Urban Studies 
College of Arts and Sciences 
Co 1 lege of Bus iness 
College of Education 
College of Engineering 
College of Human Resources 
Virginia-Maryland Regional College of Veterinary Pledicine 
College of Engineering. During the 1380s, Virginia Tech's College 
of Engineering has emerged as one of the nation's premier research 
institutions. In 1971, the College reported slightly less than $1 
million of funded research whereas, by 1987, the amount exceeded $18 
million. As a result, it now ranks in the top ten percent of the 220 
accredited engineering colleges reporting their research expenditures to 
the American Society for Engineering Education. 
At the same time, the College has maintained its reputation for 
offering an excellent education for the student who desires to obtain a 
baccalaureate degree. Today's entering freshman class has an average 
SAT score of 1200 out of a possible 1600. By graduating more than 1,000 
students each year, the college consistently ranks in the top ten in the 
number of baccalaureate degrees granted. 
The engineering graduate enrollment has climbed from 277 master's 
and doctoral students in 1970 to 1100 in the 1986-87 academic year. 
Graduate programs are offered in the following areas: aerospace, 
agricultural, biomedical, chemical, civil, electrical, engineering 
mechanics, environmental, industrial engineering and operations 
research, materials, mechanical, mining, and systems engineering. 
It is the reputation of the faculty and their successes in securing 
contract research dollars that has allowed this phenomenal growth in the 
number of graduate students. During the past two decades, the College 
has attracted some truly exceptional individuals to the Blacksburg 
campus. Five of the six Virginian academics granted membership in the 
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prestigious National Academy of Engineering are on the Virginia Tech 
faculty. In less than a decade, the College has secured 24 named 
professorships, and it plans to establish 10 more in the near future. 
These endowed chairs are a means of recognizing eminent faculty for 
their effective teaching and extraordinary scholarship. 
3 .  Academic Support Facilities 
Indicative of Tech’s commitment to research and undergraduate 
and graduate programs is the university library containing more than 1.7 
million volumes and the the second largest microform collection in the 
world. The library is a member of the Association of Research Libraries 
and the Southeastern University Library Network. The University Library 
consists of The Carol M. Newman Library and four branches (or special 
Libraries): Architecture; Geology; Veterinary Nedicine; and the Northern 
Virginia Center. All libraries use The Virginia Tech Library System 
(VTLS), an on-line system controlling circulation and the library 
catalog. This computerized program for accessing materials is widely 
acclaimed and has been purchased by numerous libraries across the 
country and abroad. 
The implementation of sophisticated communication facilities has 
made the university a nationally recognized leader in communication 
technology, and has placed Tech in the forefront of high-tech 
communications management. A vast spider web of communication lines 
spans out across the nearly 3,000-acre campus, linking some 3,000 
terminal and a significant number of the 8 , 0 0 0  personal computers to the 
computing center’s mainframe. The university has installed more miles of 
cable and has more work stations, personal computers, and buildings 
served by its communications system than any other institution of higher 
learning in the country. The system will be further enhanced as a result 
of a recent $7.6f.l contract with IBM for a new telecommunications system 
for the Blacksburg campus and the Graduate Center in Falls Church. The 
new system will integrate telephone and data communications by using the 
same switching equipment and cable distribution rather than two separate 
systems. This facility will add more than 5,000 data connections to the 
6,000 already on campus. 
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The Computing Center at the University is built around an IBEl 3084 
system, an IBN 3090 and three VAX 1 1 / 7 8 0  systems. The IBN 3084 system 
operates under the control of VN and VMS and has 6 4  megabytes of memory. 
The IBM 390 and the Vector Facility operates under the control of Wl and 
has the Vector Facility to support supercomputing. Two VAX 1 1 / 7 8 0  
systems provide interactive computing under VElS. The IBM machine is used 
to support instructional, research, extension, and administrative 
activities. The VAX 1 1 / 7 8 0  systems are used primarily for interactive 
undergraduate instruction. A third VAX 1 1 / 7 8 0  and an IBEl 4341  system are 
dedicated to CAD/CAN usage. 
The computer facilities are available 24  hours a day ( 1 6 0  hours per 
week). The services provided by the Center include time-sharing, batch 
processing, remote printing, and personal computer facilities. For 
online and timesharing access, the system supports a variety of 
terminals (over 1 , 5 0 0 )  operating under different communication protocols 
and line speeds. There are a number of terminal laboratories and 
personal computer facilities housing over 300 units for student use. 
Remote printing stations are serviced from both on-campus and off-campus 
locations. The Computing Center is equipped with an array of printing 
devices, disk storage units, tape drives, and high quality plotters. The 
systems have more than 70-billion bytes of on-line storage. 
The computing systems support a rather extensive array of compilers 
and interpreters, as well as statistical, mathematical, simulation, 
graphics, timesharing and other special purpose packages. In addition, 
the systems have data base management and text processing packages that 
are available for faculty, staff, and student use. High quality print 
devices are available for camera-ready copies of textual materials. A n  
interface with the print shop provides for typesetting of computer- 
generated textual material. 
Tech is developing a Corporate Research Center that is designed to 
attract corporate research and development operations. It is located 
adjacent to the main campus and the Virginia Tech airport which is 
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capable of handling corporate aircraft. Satellite antennas will enable 
communications (both up and down links) with fifteen to twenty 
satellites, thus providing two-way communications to virtually any place 
in the world. 
4 .  Academic Departments and Programs 
The College comprises ten degree-awarding departments and the 
Division of Engineering Fundamentals, which provides instruction to all 
engineering freshmen. Several programs of interdisciplinary study are 
also available at the graduate level. 
Aerospace and Ocean Engineering Department 
Agricultural Engineering Department 
Chemical Engineering Department 
Civil Engineering Department 
Electrical Engineering Department 
Engineering Science and Nechanics Department 
Industrial Engineering and Operations Research Department 
Materials Engineering Department 
Mechanical Engineering Department 
Mining and Minerals Engineering Department 
Environmental Sciences and Engineering Group 
Materials Engineering Science Group 
Systems Engineering Group 
Engineering Science and Nechanics Department. The department has 
44 faculty, 132 undergraduates, and 163 graduate students. It offers a 
broad, fundamental curriculum in the physical sciences and applied 
mathematics and in their application to engineering. The program is 
interesting and challenging. A total of 22 credit hours of free 
electives, 12 credit hours of departmental electives and 6 credit hours 
of Project and Report give the student freedom to develop individually 
tailored programs of concentrated study. Undergraduate courses in 
engineering science and mechanics are taught on a service basis for all 
engineering curricula. A minor in mechanics is available for non-ESM 
students. The department also offers graduate programs leading to 
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N.Eng., N . S .  (thesis and non-thesis options), and Ph.D. degrees. The 
Cooperative Education Program is available to qualified candidates at 
undergraduate and graduate levels. An honors program in engineering 
science and mechanics has been approved and is available for qualified 
students, successful completion of which is indicated on the diploma by 
the designation "in honors. Current research interests include 
stability of laminar flow control, laminar flow separation, 
finite-elements analyses, reliability and probability studies, nonlinear 
vibrations, nonlinear dynamics, nondestructive evaluation and testing, 
optical mechanics, composite materials and structures, adhesion science, 
acoustic emissions, stability and control of flexible spacecraft, 
spacecraft attitude determination, supersonic wind-generated waves, 
acoustic waves in ducts, fracture mechanics, stress intensity factors, 
boundary-layer separation, hydrodynamic stability, wave propagation, 
photoviscoelasticity, perturbation methods, weld defects, ductile 
fracture of polymers. 
I 1  
Materials EngineerinR Department. The department has 11 faculty, 
101 undergraduates, and 30 graduate students. The undergraduate 
curriculum provides for specialized course work in the areas of phase 
equilibria, X-ray diffraction and spectroscopy, mechanical testing, 
optical microscopy, mathematical modeling of processes, atomic 
diffusion, hydrogen embrittlement effects, environmental degradation of 
materials, extractive metallurgy, and investigation of the electrical, 
optical, and thermal properties of metallic, ceramic, polymeric, and 
composite materials. Programs are available for graduate work leading to 
the M.S. degree. Students desiring the Ph.D. may participate in the 
materials engineering science degree program. The department 
participates in the Cooperative Education Program in which qualified 
students may alternate quarters of study with quarters of professional 
employment. Graduate study and research are concerned with ceramic, 
metallurgical, and polymeric systems including electrical and magnetic 
materials, powder processes, glasses, refractories, thin-films, 
high-temperature behavior, stress corrosion, quantitative microscopy, 
and extractive processes. 
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Ela ter ia l s  Engineering Science Group. Research and graduate  s t u d i e s  
concerned wi th  s y n t h e s i s ,  c h a r a c t e r i z a t i o n ,  understanding,  and 
improvement of ma te r i a l s  and ma te r i a l s  response a r e  coordinated through 
t h i s  group. Students  from t h e  phys ica l  s c i ences  as w e l l  a s  engineer ing  
may pursue research  and s tudy  i n  meta ls ,  ceramics ,  composites,  and 
polymers. Research a reas  inc lude  mechanical behavior ,  phys ica l  
chemistry of  s u r f a c e s ,  X-ray a n a l y s i s ,  co r ros ion ,  luminescence, adhesion 
sc i ence ,  and composites. The group adminis te rs  a Ph.D. program i n  
m a t e r i a l s  engineer ing  sc i ence .  
5 .  Elajor Research Groups 
I n  a document of t h i s  s ize ,  it is  impossible t o  summarize t h e  
many q u a l i t y  research  programs conducted by ind iv idua l  f a c u l t y .  However, 
t h e  breadth  of a c t i v i t y  may be imparted by l i s t i n g  t h e  var ious  research  
groups,  l a b o r a t o r i e s ,  and c e n t e r s .  Some groups inc lude  f a c u l t y  drawn 
from more than  one co l l ege .  
Center f o r  Adhesion Science 
Center f o r  Composite Mater ia l s  and S t r u c t u r e s  
Coal and Minerals Technology Group 
Compos it e Mechanics Group 
Construct ion Center 
The Energy Research Group 
Environmental Engineering Group 
F a i l u r e  Analysis  and Prevent ion Laboratory 
F iber  and E lec t ro -op t i c s  Research Center 
Generic Mineral Technology Center  
Geotechnical Engineering P r o j e c t  Center 
Human Fac to r s  Engineering Center 
Nanagement Systems Labora tor ies  
Nanufacturing, Automation and Robotics Center 
Mater ia l s  Response Group 
Mining and Minerals Resources Research I n s t i t u t e  
P h o t o e l a s t i c  and F rac tu re  Laboratory 
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Polymer Materials and Interfaces Laboratory 
Powell River Project 
Satellite Communications Group 
Turbomachinery and Propulsion Research Center 
Virginia Power Electronics Center 
Virginia Productivity Center 
Relevant Non-College Centers 
The University Center for Environmental Studies 
Center for Coal and Energy Research 
Virginia Water Resources Research Center 
6 .  Academic Facilities 
The main academic units of the College are housed in Norris, 
Patton, Randolph, and Whittemore Halls. Additional research facilities 
are located in nearby off-campus buildings within easy reach for faculty 
and graduate students. These units include the satellite station, fiber 
optics draw tower, geotechnical research building, and coal-cleaning 
laboratory. A more detailed description of the facilities is presented 
below. 
Aerospace and Ocean Engineering facilities include a subsonic 
stability wind tunnel with a 6-foot by 6-foot test section, a 9-inch by 
9-inch supersonic wind tunnel for Nach numbers 2 through 4 ,  a towing 
tank, a cavitation testing, a structures laboratory, and analog, 
digital, and hybrid computers. Facilities f o r  Agricultural Engineering 
include separate laboratories for research in soil and water 
conservation, water quality, forest engineering, soil-tillage tool 
interaction, precision seeding, conservation tillage and planting, 
energy herbaceous biomass, physical properties, electronics, and 
instrumentation. Recent equipment acquisitions include sophisticated 
signal analyzer equipment for data acquisition, an instrumented soil 
bin, a plant growth chamber, on-site fan-testing equipment, a field 
rainfall simulator, an auto analyzer, a particle size analyzer, an 
infiltrometer, a neutron probe, a conservation tillage seed planter, a 
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universal testing machine, a laboratory data acquisition unit, a 
concentric cylinder viscometer, and a wide range of equipment for 
watershed and water quality monitoring. Students have access to a 
departmental microcomputer laboratory and a micro-VAX I1 computer, in 
addition to the campus mainframe computer system. Chemical Engineering 
has laboratories in polymer characterization and polymer processing, 
catalysts, fluid particle systems, novel separation techniques, SPATE 
thermoelastic stress analysis system, environmental engineering, and 
biotechnology; equipment includes an FT-IR, GC mass spectrometer, an 
excimer laser, scanning electron microscopes, an X-ray diffraction unit, 
E beam, and other analytical tools. Civil Engineering laboratories for 
research in hydraulics, structural testing, soil mechanics and 
environmental sanitary engineering. Environmental Sciences and 
Engineering facilities include controlled-temperature rooms; instruments 
for the analysis of organic and halogenated compounds, heavy metals, and 
particle size; light incubators; a boat with motor; and other analytical 
equipment typically found in biological/chemical laboratories. 
Electrical Engineering facilities include a satellite-tracking station 
and laboratories for image processing, acoustooptics, fiber optics, 
computer aided design, hybrid microelectronics, power electronics, 
computer engineering, alternative energy, electronic materials, and 
power systems. The facilities in Engineering Science and Mechanics 
consist of an l’lTS axial-torsional loading system, modern materials 
testing equipment, a nondestructive evaluation lab, several composite 
materials labs, thermographic video cameras, a fluid-mechanics lab with 
a towing basin and carriage, a nonlinear vibrations lab, a biofluids 
lab, a fracture mechanics lab, minicomputers, and modern high-speed 
data-acquisition system. Industrial Engineering and Operations Research 
facilities include metal-casting, machining, CNC, automation, and 
robotics labs; telephotometric, microdensitometric, and microphotometric 
units; an auto simulator; an aircraft simulator; an ergonomics lab; 
PDP-11/10, PDP-11/55, and VAX-11/750 computers; and environmental and 
acoustical chambers. Research equipment and precision instrumentation 
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for mechanical engineering include hot-film and laser-doppler anemometer 
systems, calorimeter room, anechoic fatigue-testing machines, surface 
profile measuring equipment, gas chromatography equipment, a BAX-11/780 
and a network of microvaxes for engineering design, and an IBN 4341 
system for CAD/CAM. blaterials Science facilities include lasers, 
hydrogen effects, electron microscopes, a hot-stage optical microscope, 
analog computers, a multitarget research sputtering system, and equip- 
ment for X-ray diffraction, electron beam microprobes, differential 
thermometric and gravimetric analysis, vacuum deposition, electrical 
properties measurement, and computer modeling. Plining and Mineral 
Engineering facilities include laboratories for rock mechanics, benefi- 
ciation, comminution,, sizing analyses, environmental control, mining 
systems, equipment evaluation, systems analysis, and health and safety. 
Plini and micro computers are located in departmental laboratories. 
7. Materials Engineering Department 
The Virginia Tech Materials Engineering Department 
laboratories and offices are housed in Holden Hall. The materials 
laboratory facilities of the department are outlined below. 
Ceramic Processing Laboratory. A completely equipped laboratory is 
available for preparation, testing, and characterization of ceramics. 
Preparation facilities include: ball mills, hydraulic presses, hot 
press, and over 40 kilns of various designs. Testing and characteri- 
zation facilities, all equipped with furnaces for high temperature and 
controlled atmospheres, include: creep machine, tensile testing 
machine, electrical conductivity apparatus, dielectric properties 
apparatus, dilatometer, differential thermal analyzer, and thermo- 
gravimetric apparatus. Equipment for the preparation of ceramic 
specimen and for examination by transmitted and reflected light 
microscopy, X-ray analysis, and electron beam microprobe analysis is 
also available on campus. 
Environmental Degradation Lab. This facility includes potentio- 
stats, automatic recording equipment, light microscope with 
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environmental test cell, biaxially-loaded disk rupture system, and other 
equipment for studying the various forms and effects of corrosion, 
liquid metal, and hydrogen in the behavior of materials. Newest addition 
is an EG&G model 332 corrosion measurement system with microcomputer 
control. 
Electron Microscopy and Surface Characterization. Complete facili- 
ties are available for preparing and studying metallic, ceramic, and 
polymeric specimens. Facilities include a scanning transmission 
electron microscope (Philips 4 2 0 ) ,  a scanning electron microscope, and 
an electron spectrometer for chemical analysis (KRATOS). Preparation 
facilities include electropolishing apparatus for metals, an ultra 
microtome with diamond knife for polymers, and will soon include an ion 
beam thinning apparatus for metals and ceramics. A separate complete 
electron metallography darkroom is also available. 
Heat Treating. Various types of heat treating equipment are 
available, including muffle and recirculating air furances, a controlled 
atmosphere furnace, constant temperature oil baths, and a vacuum and 
inert atmosphere furnace with refractory metal and graphite heating 
elements. 
Nechanical Testing. Testing laboratories are complete with 
hardness, tensile, fatigue, torsion, impact, and creep apparatus. Newest 
addition is an MTS model 810 mechanical test system with minicomputer. 
Melting Facilities. Furnaces for melting alloys include an 
induction furnace with a 17-pound steel capacity and several small 
electrical resistance melting units. 
Metalworking. Equipment is available for warm and cold rolling. 
Light Plicroscopy. Complete facilities are available for the 
preparation and observation of metallic, ceramic, and polymeric 
materials. Preparation facilities include mounting and impregnation 
apparatus, grinding and polishing machines, electropolishing and etching 
devices, microtomes, and thin section machines. Observation facilities 
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include numerous microscopes and materialographs for examination and 
photography of specimens in black and white and in color by transmitted 
and reflected light, in bright field, dark field, and polarized light 
illumination and under differential and Normarsky interference contrast 
conditions, and for microhardness determinations. 
Facilities for Atomic Arrangements in Near Surface Zone. Includes 
three X-ray systems especially designed for studies of diffusion- 
controlled reactions. Incorporates computer-controlled automation. A 
color graphics terminal is available for simulation studies. Three 
high-vacuum furnaces are used for ultra-clean specimen annealing. Thin 
films are prepared using a cryo-pumped Perkin-Elmer multitarget 
sputtering system. An RF power supply allows deposition of both ceramic 
and metallic films. In addition, access is available to two beamlines 
at the National Synchrotron Light Source (Brookhaven, NY) for very high 
intensity and selectable wavelengths for refined measurements. 
Computers. Access is available to IBM 4341, IBP.1 3081, and DED 
VAX-11/780 time-sharing computers in addition to the University IBM 370 
system. Various mini- and microcomputers are also available within the 
department for experimental control as well as computational needs. 
High-Temperature Materials Laboratory. The equipment in this 
laboratory permits characterization of the mechanical, thermo- 
mechanical, and thermo-physical properties of structural materials for 
engineering application involving elevated and extreme temperatures. A 
closed-loop electro-hydraulic mechanical tester with environmental 
chamber permits evaluation of mechanical behavior such as creep, 
stress-strain behavior, strain-rate sensitivity, and fracture-mechanical 
response to temperatures as high as 2OOOoC. A n  electronically 
controlled thermo-mechanical tester allows measurement of thermal stress 
resistance and thermal fatigue under a variety of heat transfer 
conditions. A differential scanning calorimeter is used for measurement 
of specific heat and other thermo-physical property data. The thermal 
diffusivity of structural as well as other materials can be measured by 
the laser-flash diffusivity apparatus to temperatures in excess of 
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20000C. Specimen preparation for the above measurements can be carried 
out with diamond tooling including diamond saw, core drills and 
polishing apparatus. 
Applied Solid State Science Lab. Includes two vacuum evaporators 
and an RF sputtering system. Various equipment is also available for 
measurements related to thin films and junctions. 
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NEW INITIATIVE ON ENVIRONMENTAL FRACTURE 
OF ADVANCED LIGHT METALS 
William C. Porr, Jr. and Richard P. Gangloff 
We propose to extend the scope of the original proposal (20) to 
include a fourth research program chosen from one of several topics 
which are critical to the damage tolerant application of advanced light 
metals in aggressive aerospace environments. Plr. William C. Porr, a PhD 
candidate who recently received his P1S degree under P1.R. Louthan at VPI, 
is currently enrolled in the Materials Science Department at UVa and is 
most interested in conducting research and graduate studies in this 
area. 
Plr. Porr will formulate his research program, centered on a topic 
selected from one of the those described in an ensuing section. 
Selection will be based on the findings of the three parallel programs 
described previously and in consultation with metals and fracture 
mechanics researchers at the Langley Research Center. The product of 
this effort in year 2 will be a detailed literature review, the 
identification of fundamental questions and an approach, and initial 
experimentation. During year 3 ,  the student will execute the planned 
research. We envision that year 2 funding will be limited to Plr. Porr's 
salary and modest experimental and support costs. 
Research will examine one of the following areas: 
l.x Elevated temperature crack growth in advanced PN aluminum alloys. 
Cryogenic crack growth in advanced PPI aluminum alloys. 
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lx Environmental fracture of aluminum alloy matrix-ceramic fiber 
composites. 
IX Fracture mechanics of surface flaw growth in thin sheet, advanced 
aerospace alloys. 
Hydrogen embrittlement of advanced light metals in high activity 
environments. 
A brief proposal is provided for the first of these topics to illustrate 
the typical thrust of the new research program. A key element of each 
program is the emphasis on integrating advanced materials and fracture 
mechanics disciplines. It is envisioned that interactions with the 
Pletallic Platerials and Fatigue/Fracture Branches at NASA will greatly 
assist in this regard. 
A. Elevated Temperature Crack Growth in Advanced PM Aluminum Alloys 
1. Introduction 
Advanced aluminum alloys are being produced by powder 
metallurgy processes, particularly involving rapid solidification and 
mechanical alloying, for aerospace and energy applications at 
here-to-fore unobtainable elevated temperatures (101-106). While 
excellent strengths have been developed, such materials are limited by 
low fracture resistance. 
Aluminum-iron ternary and quartenary alloys containing either Ce, 
Ce+W, Ni, No, No+V, Mo+Cr or Si+V have been processed to develop 
acceptable 23OC tensile ductilities and long term elevated temperature 
strength at temperatures up to 325OC (107-113). Two problems are 
significant. These PM alloys exhibit reduced ductilities over the 
temperature range from about 125 to 275OC. (Tensile ductility increases 
monotonically with increasing temperature for wrought aluminum alloys 
(114)). Secondly, elevated temperature fracture resistance has been 
characterized by smooth specimen uniaxial tensile ductilities, with 
fracture mechanics measurements limited to ambient temperature, moist 
air environments. It is crucial to begin to consider the fracture 
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mechanics of the failure processes which are likely to control the 
durability of reusable tanks fabricated from the alloys. 
The mechanisms for elevated temperature fracture of PPI aluminum 
alloys are unclear. A variety of processes may contribute including 
processing factors (large defects, prior particle boundary oxides and 
hydroxides, dissolved hydrogen), environmental factors (external 
hydrogen or oxygen uptake), metallurgical factors (interface impurities, 
plastic strain localization) and mechanical factors (time dependent 
plasticity, dynamic environmental interactions). 
2.  Objective 
The objective of the proposed research is to determine 
mechanisms for elevated temperature fracture to enable the development 
and damage tolerant application of advanced PPI aluminum alloys. 
The approach involves three short term goals: (1) To develop 
fracture mechanics measurement and analysis methods, (2 )  To characterize 
elevated temperature tensile fracture and subcritical crack growth, and 
( 3 )  To develop micromechanical models of brittle cracking. 
B. Technical Program 
Research will emphasize powder metallurgy A1-Fe-X alloys, developed 
within the Light Metals Center at the University of Virginia and by 
collaborating companies, and model materials suggested by hypothesized 
mechanisms. Work will investigate elevated temperature tensile fracture 
during short term loading and subcritical crack propagation due to time 
dependent, creep-environment interactions. 
1. Tensile Fracture 
a. Background 
Characterization of the fracture resistance of powder 
metallurgy alloys requires separate analyses of the extrinsic effect of 
large process defects ( '  5 to 10 pin) and of the intrinsic fracture 
resistance of the microstructure. Smooth specimen tensile ductility 
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reflects the complex interaction of these factors. Such values exhibit 
scatter that obscures structure-properties relations; which, in turn, 
vary with specimen size/geometry and which are not applicable to design 
(115). 
Fracture mechanics methods characterize the intrinsic toughness of 
the crack tip plastic zone for the initiation case, and of the two 
dimensional crack path and wake for propagation. This approach is well 
suited for studies of metallurgical and environmental effects, without 
the complication of varying defect populations. Data and models on 
defect tolerance may be combined with statistical information on defect 
distributions to predict smooth specimen or component life [116] .  Plane 
strain fracture toughness measurements have been employed to study the 
room temperature fracture toughness of several A1-Fe-X alloys, for 
example (109). For aerospace applications, initiation toughness ( K  or 
J ) should be supplemented by resistance curve concepts. Temperature 
effects on crack growth resistance have not been investigated. 
IC 
IC 
b. Proposed Research 
Suresh et al. recently demonstrated a combined initiation 
and propagation approach which employed J integral methods to 
characterize aging effects on the fracture resistance of Al-Li-Cu alloy 
plate (117). Such a resistance methodology will be developed for 
through-cracks and perhaps surface cracks in thin sheet (118). The 
intrinsic fracture toughness and tearing modules of a selected 
microstructure will be established by monitoring the initiation and 
growth of an existing crack for rapid loading in moist air (119). 
The effect of temperature (23 to 350/4OO0C) on fracture resistance 
will be measured and fracture surfaces will be characterized by electron 
metallography to survey operating cracking processes. Toughnesses will 
be compared to short bar results to further develop a method for 
fracture mechanics properties screening relevant to alloy and process 
development (120). 
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Presuming that fracture resistance declines over an intermediate 
temperature range, one or more experiments will be conducted to probe 
the mechanism. The effect of temperature on deformation and porosity/ 
microcrack nucleation will be studied by interrupted and sectioned 
tensile specimens, coupled with analytical methods to measure gaseous 
hydrogen production (121). If implicated in the embrittlernent, prior 
particle interface phases will be altered by processing or alloy 
composition changes. Heat treatment experiments, high purity or doped 
alloys and situ Auger fracture experiments will be used if 
interfacial impurity effects are indicated. External environment 
effects will be investigated by elevated temperature fracture 
experiments in purified helium, oxygen and water vapor. Specimens will 
be preexposed to an electrochemical source of dissolved hydrogen, and to 
oxygen and water vapor at elevated temperatures and fractured (121,122). 
The proposed study of tensile fracture could be readily expanded to 
investigate the effect of temperature from the cryogenic regime to the 
elevated levels described here for a single alloy. 
2. Subcritical Creep Crack Propagation 
a. Background 
The chemical mechanisms for elevated temperature 
embrittlement are likely to be exacerbated by prolonged loading causing 
t i m e  dependent p l a s t i c i t y ,  environmental  chemical r e a c t i o n s  and bulk  
diffusion. Creep deformation may be sufficient to produce cracking in 
alloys which exhibit good time-independent tensile ductility. It is 
therefore important to examine subcritical creep" crack propagation in 
PPI aluminum a1 loys . 
11 
Creep crack growth has been observed in several commercial aluminum 
alloys (123-125), and more recently in experiments at UVa with complex 
alloy 2090. The contributions of crack tip creep deformation, 
environment, grain boundary weakness and microstructural instability 
have not been determined. Research on iron and nickel based alloys 
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indicates a dominant effect of oxidizing environments, for example 
(122,126). Fracture mechanics field parameters for elevated 
temperature, time dependent crack propagation have matured significantly 
over the past 10 years (127-129), however, these methods have not been 
applied to develop structurally reliable advanced aluminum alloys. 
b. Proposed Research 
Research will emphasize external environment and 
interfacial impurity effects on elevated temperature crack growth in PN 
aluminum alloys, and will build on the findings of the study of tensile 
fracture resistance. 
Initial experiments will characterize crack propagation kinetics 
for constant or programmed slow loading in moist air, and in terms of 
small scale yielding (stress intensity, K) and steady state extensive 
creep (C;':) or transition (C,) crack tip field parameters. Such 
parameters uniquely define the sizes of crack tip process zones and the 
stress, strain and strain rate distributions which govern crack 
propagation. K, C, and C;': have been successfully employed in 
micromechanical modeling of crack growth and are applicable to time 
dependent damage tolerant design (128,129). 
External environment and dissolved impurity effects will be 
separated by crack growth experiments conducted in purified helium, 
2' oxygen and water vapor environments. If fracture is enhanced by 0 
then the dependence of the crack growth kinetics on partial pressure and 
temperature will be determined. Environmental crack growth response to 
rapid load and oxidizing gas pressure transients will be measured. If 
fracture occurs in the inert environment, then insitu Auger experiments 
will be conducted to identify the role of segregated solutes. Gas 
discharge and doping experiments, and the analyses described previously 
will be employed to examine the role of hydrogen. The aim of 
experimentation is to develop a micromechanical model of environmental 
embritt lement . 
91 
e 
0 
0 
0 
0 
e 
0 
C .  Closure 
A research project is proposed with the goal of enabling the 
fracture resistant use of advanced powder metallurgy aluminum alloys in 
elevated temperature environments, through a foundation of fundamental 
understanding. Limited observations and the heterogeneity of PPI 
products dictate that fracture mechanics measurements and analyses be 
employed to develop a physical basis for micromechanical modeling. Short 
term goals are proposed far problems of tensile fracture and subcritical 
creep crack propagation. The program requires a close collaboration 
with the developers of advanced Pfl alloys and researchers involved with 
advanced micromechanics and fracture mechanics studies. 
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Figure 38 
Scanning electron photomicrograph of the drawn t i p  of a glass pipette 
used in constructing a microreference electrode. 
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Figure 39  
Optical photomicrograph of a microreference electrode situated to 
measure the variation in potential due to the activity of the corroding 
pit on peak aged 2090  in 3 . 5  w / o  NaCl solution. 
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Figure 40 
Plot of applied potential and potential variation measured by 
microreference electrode over a pit during a polarization scan vs. time. 
Peak aged 2090, 3.5 w/o NaCl solution. 
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Figure 41 
Same plot as in Figure 3. Pleasure potential represents the difference 
in potential between a microreference electrode near a pit and one 
removed from the pit by several hundred micrometers. 
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Figure 42 
Optical photomicrograph of the evolution of gas bubbles during an in 
situ corrosion observation experiment. 
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Figure 44 
Plot of pH vs. time for 2090 in solutionized and peak aged conditions in 
an artificial crevice experiment. 
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Figure 45 
Plot of pH vs. time for solutionized and peak aged 2090 shavings 
immersed in 3.5 w/o NaCl solution. 
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Figure 46 
Scanning electron photomicrograph of a pitted region. 
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Figure 47 
Typical time-history plots from Charpy V-notch tests. 
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Figure  48 
Charpy V-notch test results .  
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SCHEMATIC OF DISK PRESSURIZING ASSEMBLY 
CLAMPING BOLT 
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Figure 49 
Schematic of disk pressurizing assembly. 
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Figure  50 
Graph of cumulative a c o u s t i c  emission counts  v s .  gas  p re s su re  f o r  mild 
s t e e l  d i s k s  t e s t e d  i n  a d i s k  p r e s s u r i z a t i o n  system. Notes i n d i c a t e  t h e  
occurrence of var ious  phenomena. 
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NECHANISPIS OF INTRINSIC DAPlAGE LOCALIZATION DURING 
CORROSION FATIGUE : Al-Li-Cu SYSTEll 
R.S. Piascik 
a 
ABSTRACT 
a 
a 
a 
a 
a 
The objective of this research is to study mechanisms of crack tip 
damage fundamental to environmentally assisted fatigue crack growth in 
Al-Li-Cu alloys. Intrinsic mechanisms of fatigue crack growth in alloy 
2090 are examined by fracture mechanics methods applied to small cracks. 
Two regimes of environmental effect, low mean stress-high stress 
intensity range hydrogen embrittlement and high R-near threshold 
cracking by hydrogen or film rupture/dissolution are studied by 
programmed constant stress intensity experimentation. The potential 
difference monitored crack growth studies are performed in purified 
helium, oxygen, water vapor and aqueous sodium chloride environments. 
Fatigue crack growth is first measured as a function of frequency and 
then for small crack-microstructure orientations giving single or 
multiple grains along the crack front. Experiments are designed to 
probe crack tip environmental damage for the two regimes. Crack 
interactions with grain boundaries will be resolved. Growth in gaseous 
environments will be compared to environmental effects produced by 
electrode potential controlled aqueous environments. Resulting crack 
growth transients will be continuously monitored and crack surface 
electrical conductivity will be characterized. Crack plastic zone 
corrosion and fatigue damage will be studied by fracture toughness 
e 
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measurements of preexposed specimens. The goal  of t h i s  research  i s  t o  
provide a mechanis t ic  b a s i s  f o r  t h e  development of f a t i g u e  r e s i s t a n t  
a l l o y s  and a q u a n t i t a t i v e  method of f a t i g u e  l i f e  p r e d i c t i o n .  
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1.0 INTRODUCTION 
The development of complex precipitation strengthened aluminum - 
lithium alloys with improved mechanical properties, lower density, and 
increased elastic modulus has been the objective of much research within 
recent years (Al-A4). A1-Li alloys containing Zr, Cu and/or Pig are 
becoming commercially available for aerospace application. Yet, 
potential problems of alloy degradation and failure currently impede 
reliable application of A1-Li alloys and require additional research. 
One such problem area that has gained considerable attention is alloy 
corrosion and environmental fracture. 
Studies have shown that these high strength alloys are susceptible 
to intergranular failure which leads to the reduction of mechanical 
properties in the short-transverse (S-T) direction of rolled plate 
material. Intergranular failures, due to either mechanical fracture or 
environmental stress corrosion cracking, have been studied extensively. 
These studies have led to phenomenological understanding of A1-Li alloy 
fracture toughness and environmental degradation under monotonic 
loading. Although, little is currently known about the environmental 
mechanisms occurring at the crack tip, investigators have implicated 
both hydrogen embrittlement and anodic dissolution/film rupture as 
damage mechanisms. 
Based on a review of current research in the area of environmental 
degradation of A1-Li alloys, it is apparent that other important areas 
of environmental fracture should be addressed. To date, the corrosion 
fatigue response of A1-Li alloys has not been systematically 
characterized or understood. Mechanisms of transgranular cracking in 
embrittling environments have not been identified. 
The objective of the proposed research is to characterize corrosion 
fatigue crack propagation in Al-Li-Cu alloys exposed to aqueous 
electrolyte and gaseous environments, and to develop mechanisms of 
damage localization, with emphasis on crack tip - precipitate / boundary 
- environment interactions. Upon completion of preliminary work to 
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develop the necessary techniques, Phase 1, experiments will be performed 
to address the following questions: 
PHASE 2: a) What are the growth kinetics and microstructural paths of 
corrosion fatigue cracks in Al-Li-Cu alloys, exclusive of 
extrinsic closure effects and relevant to two specific 
hypothesized regimes of environmental damage? 
b) Is the short crack geometry uniquely sensitive to 
environmental embrittlement due to localized cell chemistry? 
PHASE 3 :  a) What mechanisms of intrinsic damage localization occur 
within the identified regimes of environmental damage? 
- high K regime embrittlement by hydrogen? 
- low K regime surface film rupture/dissolution? 
b) Do precipitates control intergranular and transgranular 
corrosion fatigue crack propagation due to enhanced galvanic 
dissolution, hydrogen production, imperfect passivation, 
strain localization or crack chemistry alteration? 
Based on successful completion of this program; 1) Results will 
quantify the environmental effects on fatigue crack growth of short 
cracks which will lead to more precise component design life 
predictions, and 2) The identification of intrinsic crack tip damage 
mechanism(s) may assist in advanced alloy development. 
2 .0  BACKGROUND 
Environmentally assisted cracking of aluminum lithium alloys is 
dictated by damage mechanisms that are controlled by the interaction of 
environment, applied stress and microstructural features. The following 
paragraphs briefly describe A1-Li microstructures and summarize current 
understanding of the effect of stress and environment. 
2.1 Microstructure 
The addition of lithium to aluminum reduces density, significantly 
increases stiffness (A5), and results in homogeneous precipitation of a 
A-2 
a coherent  6 (A1 Li )  s t rengthening  phase.  Copper is  added, as  f o r  example 
i n  commercial 2090 a l l o y  (A1-2.9Li-l.lCu-O.llZr), t o  enhance s o l i d  
s o l u t i o n  and p r e c i p i t a t e  s t rengthening .  The p r e c i p i t a t i o n  sequence f o r  
t h e  Al-Cu-Li system i s  complex and summarized a s  follows (A6,A7,A8). 
3 
Supersa tura ted  
s o l i d  s o l u t i o n  
+ GPZ -, e ' '  + e '  + e(Ai2cu) 
+ T1(A12CuLi) 
+ 6 '  + G(A1Li) 
e 
Z r  i s  added t o  i n h i b i t  r e c r y s t a l l i z a t i o n  and g r a i n  growth dur ing  thermo- 
mechanical process ing .  Table  1 i s  a l i s t  of mat r ix  and g r a i n  boundary 
phases found i n  A1-Lib inary  and Al-Li-Cu-Zr a l l o y s  (A9-All). 
a 
a 
0 
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Upon aging,  homogeneous p r e c i p i t a t i o n  of metas tab le  6 occurs .  Even 
though t h i s  p r e c i p i t a t e  i s  coherent wi th  t h e  mat r ix  and can be sheared 
by moving d i s l o c a t i o n s ,  6 restricts d i s l o c a t i o n  motion and g r e a t l y  
enhances a l l o y  s t r e n g t h .  P a r t i a l l y  incoherent  T and 6 p r e c i p i t a t e  a t  
high energy s i tes  such a s  d i s l o c a t i o n s  and subgrain boundaries .  These 
copper bea r ing  p r e c i p i t a t e s  can reduce s t r a i n  l o c a l i z a t i o n .  Thei r  
e f f e c t i v e n e s s  i n  homogenizing s t r a i n  i s  dependent upon s ize  and 
d i s t r i b u t i o n  which i s  con t ro l l ed  by deformation p r i o r  t o  aging.  
Cont ro l led  deformation p r i o r  t o  aging can produce a uniform d i s t r i b u t i o n  
of  nuc lea t ion  s i tes  ( d i s l o c a t i o n s )  f o r  T1 and 6 p r e c i p i t a t i o n .  A s  aging 
t imes i n c r e a s e ,  T2 and T form and coarsen along high angle  and sub 
g r a i n  boundaries ,  r e s p e c t i v e l y ,  r e s u l t i n g  i n  s o l u t e  deple ted  p r e c i p i t a t e  
f r e e  zones (PFZ's).  
1 
1 
Rol l ing  of p l a t e  produces an a n i s o t r o p i c  g r a i n  s t r u c t u r e ,  wi th  f l a t  
e longated g r a i n s ,  o r i e n t e d  along t h e  r o l l i n g  d i r e c t i o n .  Those mechanical 
and co r ros ion  p r o p e r t i e s  which a r e  a f f e c t e d  by mic ros t ruc tu re  w i l l  be 
s e n s i t i v e  t o  p l a t e  o r i e n t a t i o n .  Short  t r a n s v e r s e  f r a c t u r e  and S-T 
s t r e s s  co r ros ion  cracking r e s i s t a n c e s  a r e  p a r t i c u l a r l y  poor.  
S tud ie s  have l inked t h e s e  mic ros t ruc tu ra l  f e a t u r e s  t o  de t r imenta l  
s t r a i n  l o c a l i z a t i o n ,  g r a i n  boundary f r a c t u r e  and environmental  
degrada t ion  of A 1 - L i  a l l o y s .  
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2 .2  Deformation and F rac tu re  
e 
S t r u c t u r a l  a p p l i c a t i o n s  of Al-Li-Cu a l l o y s  r equ i r e  an understanding 
of how mic ros t ruc tu re  a f f e c t s  deformation and f r a c t u r e  under d i f f e r e n t  
loading cond i t ions .  S tud ie s  have shown t h a t  aging a f f e c t s  f a t i g u e  c rack  
propagat ion by mechanisms dominated by s l i p  behavior .  Low f r a c t u r e  
toughness p r o p e r t i e s  have been l inked t o  mechanisms of s t r a i n  
l o c a l i z a t i o n  and p r e c i p i t a t e  nucleated microvoid formation a t  g r a i n  
boundaries r e s u l t i n g  i n  i n t e r g r a n u l a r  f a i l u r e .  
S tud ie s  of t h e  e f f e c t  of s l i p  morphology on t h e  monotonic and 
c y c l i c  d u c t i l i t y  of A 1 - L i  b inary  a l l o y s  (A5,A12,A13) and A 1 - L i -  Cu 
a l l o y s  (A14,A15) show t h a t  d u c t i l i t y  i s  con t ro l l ed  by s t r a i n  
l o c a l i z a t i o n  which depends on t h e  ex ten t  of work so f t en ing  on t h e  g l i d e  
p lane .  A s  aging i s  increased  from underaged t o  peak s t r e n g t h ,  shea rab le  
p r e c i p i t a t e s  l o c a l i z e  monotonic s t r a i n  i n  in t ense  bands of deformation 
which produce stress concent ra t ions .  In  overaged m a t e r i a l ,  p r e c i p i t a t e s  
a r e  no t  sheared ,  however, s t r a i n  l o c a l i z a t i o n  occurs i n  PFZ's formed by 
equi l ibr ium g r a i n  boundary p r e c i p i t a t e s  and r e s u l t s  i n  increased  
i n t e r g r a n u l a r  f r a c t u r e .  Cracks nuc lea t e  a t  g r a i n  boundary ledges ,  
formed by s l i p  bands,  during t e n s i l e  tes ts  and propagate  e i t h e r  
t r a n s g r a n u l a r l y  o r  i n t e r g r a n u l a r l y  along PFZ's dependent upon aging 
t r ea tmen t .  Cracks most o f t e n  nuc lea t e  a t  s l i p  bands dur ing  c y c l i c  
deformation and propagate  e i t h e r  by a s t r i a t e d  growth mechanism o r  by 
s l i p  band decohesion; t h e  pa th  i s  cont ingent  on t h e  ex ten t  of s t r a i n  
l o c a l i z a t i o n .  I n  overaged m a t e r i a l ,  c racks  nuc lea t e  a t  g r a i n  boundary 
p r e c i p i t a t e s  and propagate  i n t e r g r a n u l a r l y  wi th in  t h e  PFZ. 
The e f f e c t s  of composition and aging t rea tment  on t h e  p lane  s t r a i n  
J ) and crack growth r e s i s t a n c e  f r a c t u r e  i n i t i a t i o n  toughness 
(T - t e a r i n g  modulus) have been inves t iga t ed  f o r  a high p u r i t y  
Al-Li-Cu-Zr a l l o y  (A16). A major con t r ibu t ion  t o  t h e  f r a c t u r e  process  
i n  peakaged and overaged tempers a r i s e s  from i n t e r g r a n u l a r  s e p a r a t i o n  
promoted by microvoid formation a t  g r a i n  boundary p r e c i p i t a t e s  (poss ib ly  
T2) .  E l ic ros t ruc tura l  "reversion" experiments (A17) have shown t h a t  a 
( K I C '  IC 
r 
e A- 4 
I 
l 
e 
e 
0 
e 
e 
0 
e 
decrease  i n  f r a c t u r e  toughness i s  a s soc ia t ed  wi th  increased  amounts of 
equi l ibr ium g r a i n  boundary p r e c i p i t a t e s  f o r  a cons tan t  f r a c t i o n  of 
s t r eng then ing  phase and hence f o r  cons tan t  s l i p  band morphology. 
The above r e s u l t s  show t h a t ,  i n  micros t ruc tures  conta in ing  matr ix  
p r e c i p i t a t e s  and g r a i n  boundary p r e c i p i t a t e s ,  s l i p  p l a n a r i t y ,  s t r a i n  
l o c a l i z a t i o n  i n  PFZs, and g r a i n  boundary f a i l u r e  due t o  voids  formed 
around T p a r t i c l e s  c o n t r o l  high angle  g r a i n  boundary f r a c t u r e  and 
r e s u l t  i n  low f a t i g u e  crack i n i t i a t i o n  and f r a c t u r e  toughness 
p r o p e r t i e s .  The r e l a t i v e  con t r ibu t ion  of each mechanism depends on 
mic ros t ruc tu re .  These mic ros t ruc tu ra l  f a c t o r s  can a l s o  in f luence  
f a t i g u e  and environmental  crack propagat ion.  Charac t e r i za t ion  of 
micros t ruc ture-proper ty  r e l a t i o n s  and p r e c i s e  mechanisms i n  t h i s  regard 
r e q u i r e  s e p a r a t i o n  of e x t r i n s i c  and i n t r i n s i c  f a c t o r s .  
2 
2 .3  Fa t igue  Crack Propagation 
Nost i n v e s t i g a t o r s  have found t h a t  A 1 - L i  a l l o y s  e x h i b i t  improved 
f a t i g u e  c rack  growth r e s i s t a n c e  compared t o  t r a d i t i o n a l  7000 and 2000 
s e r i e s  aluminum a l l o y s .  Crack growth r e s i s t a n c e  i s ,  however, l inked  t o  
f a c t o r s  such a s  crack d e f l e c t i o n  and crack wake c l o s u r e .  Fa t igue  c rack  
propagat ion pa ths  tend t o  follow i n t e n s e  s l i p  bands, producing an 
i r r e g u l a r  and h ighly  c r y s t a l l o g r a p h i c  f r a c t u r e  s u r f a c e .  Def lec t ion  and 
c losu re  mechanisms a r e  denoted a s  e x t r i n s i c  because they  depend on 
specimen/crack geometry, loading v a r i a b l e s  and crack-micros t ruc ture  
o r i e n t a t i o n .  The fundamental o r  i n t r i n s i c  f a t i g u e  crack growth 
c h a r a c t e r i s t i c  of A 1 - L i  a l l o y s  a r e  masked by l a r g e  e x t r i n s i c  e f f e c t s  and 
a r e  only  r e c e n t l y  t h e  o b j e c t  of research .  C r i t i c a l l y ,  e x t r i n s i c  e f f e c t s  
on crack growth i n  s tandard  labora tory  specimens may be of l i t t l e  
relevance t o  component a p p l i c a t i o n  of A 1 - L i  a l l o y s .  
2 .3 .1  E x t r i n s i c  E f f e c t s  
The increased  f a t i g u e  c rack  growth r e s i s t a n c e  of A 1 - L i  
a l l o y s ,  a t  low s t r e s s  i n t e n s i t y  range,  has been a t t r i b u t e d  t o  c rack  
d e f l e c t i o n  and increased  crack c losu re  (A15,A18,A19). 
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Recent r e s u l t s  (A18) have shown t h a t  th reshold  f a t i g u e  crack growth 
i n  Alloy 2090 was a f f e c t e d  by varying degrees  of c losu re  a s soc ia t ed  wi th  
c rack  propagat ion d i r e c t i o n  ( p l a t e  o r i e n t a t i o n ) .  I t  was found t h a t  
f a t i g u e  c rack  growth i n  a i r  was h ighly  a n i s o t r o p i c ,  wi th  r a t e s  varying 
by up t o  four  o rde r s  of magnitude between o r i e n t a t i o n s ,  a t  cons tan t  
app l i ed  A K .  Typical  r e s u l t s  a r e  shown i n  Figure 1. Crack growth 
p a r a l l e l  t o  t h e  r o l l i n g  plane (S-L and S-T o r i e n t a t i o n )  was t h e  f a s t e s t  
and exh ib i t ed  t h e  lowest t h re sho ld .  The s lowest  growth r a t e s  were 
observed f o r  cracks perpendicular  t o  t h e  r o l l i n g  p lane  (L-T, T-L and 
T-S).  I t  was concluded t h a t  t h e  slower crack growth was due t o  crack 
t i p  s h i e l d i n g  from crack d e f l e c t i o n  and r e s u l t i n g  crack c l o s u r e  due t o  
t h e  wedging of f r a c t u r e  su r face  a s p e r i t i e s .  Crack ex tens ion  i n  t h e  
r o l l i n g  p lane  ( i . e .  S-L and S-T) occurred by an i n t e r g r a n u l a r  
delaminat ion mechanism, wi th  l i t t l e  a s soc ia t ed  s h i e l d i n g .  I t  i s  a l s o  
apparent  t h a t  changes i n  s t r a i n  1ocal izat i .on a f f e c t  f r a c t u r e  s u r f a c e  
roughness and thereby t h e  l e v e l  of c losu re  (A15). 
Resu l t s  have shown t h a t  i n t r i n s i c  ( c losu re  co r rec t ed )  
f a t i g u e  crack growth of Alloy 2090 occurs  wel l  below t h e  
e x t r i n s i c  t h re sho ld .  From t h e s e  r e s u l t s ,  it i s  important t o  no te  
t h a t  s t u d i e s  of fundamental crack t i p  damage i n  A 1 - L i  a l l o y s ,  a s  
proposed h e r e i n  w i l l  r e q u i r e  t h a t  e x t r i n s i c  e f f e c t s  be e l imina ted  
o r  accounted f o r .  
2 .3 .2  Short  / Small Crack Behavior 
There i s  inc reas ing  evidence t h a t  t h e  growth r a t e s  of  
small  f a t i g u e  cracks gene ra l ly  exceed those  of long cracks when 
sub jec t ed  t o  t h e  same appl ied  AK (A20). This  has been repor ted  where 
c racks  a r e  small  i n  length  compared t o  mic ros t ruc tu ra l  dimensions,  small  
r e l a t i v e  t o  t h e  s c a l e  of crack t i p  p l a s t i c i t y  o r  when they  a r e  
p h y s i c a l l y  small  ( (  0.5  t o  5 mm). D e f i n i t i v e  mechanisms have been 
proposed t o  expla in  t h e  breakdown i n  t h e  f r a c t u r e  mechanics s i m i l i t u d e  
concept a t  small  crack s i z e s .  Four mechanisms a r e  r e l evan t  t o  small  
c rack  growth i n  aluminum l i t h ium a l l o y s ,  Table 2 .  
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For p h y s i c a l l y  sho r t / sma l l  cracks (I tems 1 A  and l B ,  Table 2 ) ,  
c l o s u r e  fo rces  a r e  i n i t i a l l y  smal l .  With inc reas ing  crack length ,  wake 
p l a s t i c i t y  and roughness develop producing increased  crack t i p  s h i e l d i n g  
r e s u l t i n g  i n  reduced f a t i g u e  crack growth r a t e s .  Researchers (A21,A22) 
have r e c e n t l y  cha rac t e r i zed  t h i s  behavior f o r  a l l o y  2090. A comparison 
of long crack and s h o r t  crack f a t i g u e  growth r a t e s  i n  terms of appl ied  
A K ,  Figure  2 ,  shows t h a t  small  crack growth cont inues a t  s t r e s s  
i n t e n s i t i e s  below t h e  long crack growth th re sho ld .  Also shown i n  Figure 
2 i s  t h e  good c o r r e l a t i o n  of small  f a t i g u e  crack growth compared t o  
c l o s u r e  co r rec t ed  ( A K  = K - K  ) long crack growth r a t e s .  These 
r e s u l t s  i l l u s t r a t e  t h a t  e x t r i n s i c  c losu re  e f f e c t s  p lay  an important r o l e  
i n  A 1 - L i  a l l o y  f a t i g u e  crack growth. Small f a t i g u e  cracks e x h i b i t  
i n t r i n s i c  ( c losu re  f r e e )  growth r a t e s ,  thus  providing a means f o r  
examining fundamental damage processes  i n  f a t i g u e  and cor ros ion  f a t i g u e .  
e f f  max open 
Mechanically s h o r t  f a t i g u e  cracks (Item 2 A ,  Table 2 ) ,  wi th  many 
g r a i n s  a long t h e  crack f r o n t  and wi th  length  comparable t o  t h e  p l a s t i c  
zone, e x h i b i t  acce l e ra t ed  crack growth when compared t o  growth of long 
f a t i g u e  c racks .  This anomalous behavior i s  due t o  l a rge  s c a l e  crack t i p  
p l a s t i c i t y  which v i o l a t e s  t h e  small  s c a l e  y i e l d i n g  c r i t e r i a  of l i n e a r  
e l a s t i c  f r a c t u r e  mechanics (LEFM). A more appropr i a t e  a n a l y s i s  f o r  
mechanically s h o r t  crack growth i s  t h e  J - i n t e g r a l  o r  crack t i p  opening 
displacement (CTOD) techniques (A23). 
Mechanically small  f a t i g u e  c racks  (Item 2B, Table  2) may e x h i b i t  no 
s igns  of an i n t r i n s i c  t h re sho ld ,  bu t  r a t h e r  propagate  a t  s t r e s s  
i n t e n s i t y  l e v e l s  below t h e  c l o s u r e  co r rec t ed  long crack th re sho ld ,  as 
shown i n  F igure  2 f o r  a l l o y  2090. De ta i l ed  s t u d i e s  have documented t h e  
small  c rack  phenomena i n  7000 and 2000 s e r i e s  a l l o y s  (A24,A25,A26,A27). 
Dis turb ingly  high growth r a t e s  of small  c racks  embedded wi th in  a s i n g l e  
g r a i n  a r e  thought t o  be caused by crack t i p  opening s t r a i n s  t h a t  a r e  
unexpectedly h igh ,  based on appl ied  A K .  Small c rack  growth i s  inf luenced  
by mic ros t ruc tu ra l  f e a t u r e s ,  i . e .  high angle  g r a i n  boundaries a r e  known 
t o  a r r e s t  crack growth. The in f luence  of  mic ros t ruc tu re  on small  crack 
growth dur ing  cor ros ion  f a t i g u e  w i l l  be examined a s  p a r t  of t h i s  s tudy .  
0 
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Chemically short/small fatigue cracks (Items 3A and 3B, Table 2 )  
exhibit increased growth rates due to environmental mechanisms, as 
observed for hydrogen environment embrittlement of steels (A28), and 
film rupture systems (A29). For such cases, the chemical driving force 
for environmental cracking increases in severity with decreasing crack 
length because of complex mechanisms involving mass transport by 
diffusion, ion migration and convection, and strain assisted chemical 
and electrochemical reactions. (A30). Complex models have been proposed 
to quantify these effects (A31), but predictions are specific to 
material - environment systems. These crack size - chemistry 
interactions have not been characterized or modeled for aluminum alloys 
in aqueous chloride environments. While accelerations of small corrosion 
fatigue cracks are suggested, retardations by novel transport/reaction 
mechanisms cannot be ruled out. Short/small crack corrosion fatigue 
experiments are required. 
To summarize, short/srnall crack fatigue growth is not influenced by 
extrinsic closure effects that obscure crack tip driving forces. Crack 
tip damage mechanisms are more readily observed by short cracks 
experiments. Studies have also shown that the short crack geometry is 
uniquely sensitive to microstructural and environmental effects. These 
factors are relevant to applications of A1-Li alloys where high 
operating stresses and relatively low fracture toughness result in 
critical crack sizes on the order of 2 mm. Short/small cracks are also 
relevant to the fatigue and fracture behavior of thin sheet in aerospace 
tankage applications. Based on these observations, a short/small crack 
geometry will be used to study fatigue crack growth kinetics under 
varying environmental conditions. 
2 . 4  Environmental Effects 
Environmentally assisted fracture is likely to be controlled by 
chemical or electrochemical processes (hydrogen production, film rupture 
and active dissolution), combined with crack strain localization (slip 
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planarity and/or micro void formation). Nicrostructural features 
(PFZ’s, large grain boundary precipitates, shearable matrix 
precipitates) play a critical role in the environmental processes. The 
goal of the proposed research is to isolate and identify those factors 
which control corrosion fatigue crack propagation in aluminum - lithium 
alloys. 
2.4.1 Aluminum Lithium Alloy Corrosion and SCC 
in Aaueous Chloride 
When compared to other high strength aluminum alloys, Li 
bearing alloys exhibit excellent resistance to intergranular stress 
corrosion cracking (IGSCC) in aqueous chloride solutions, but only for 
specific microstructure, electrochemical potential, immersion and 
loading conditions (A32,A33). Generalizations are suspect because many 
variables interact to influence embrittlement and mechanisms are not 
defined. Stress corrosion cracking studies of A1-Li alloys (under 
monotonic loading) have concentrated on the intergranular cracking and 
little is known about transgranular SCC. 
Smooth specimens are embrittled at slow strain rates to 
10 sec ) and precracked specimens exhibit slow subcritical 
intergranular crack growth at low stress intensities ( ‘10 MPa m’) 
(A34-A36). Alternate immersion enhances intergranular corrosion and 
cracking when compared to continuous immersion in aqueous chloride 
(A32,A37). Preexposure to chloride solution results in subsequent 
embrittlement, possibly due to dissolved hydrogen, during tensile 
deformation in moist air (A32). A recent study of SCC in a Al-Li-Cu-Mg 
material has shown that CO absorption on corroded surfaces pre-exposed 
to NaCl solution alters crack pH to a level (10.5 to 11.0) that favors 
brittle cracking (A38). These results suggest that alternate immersion 
crack initiation and small crack growth are caused by a complex 
environment containing chloride and bicarbonate ions. It was also 
concluded that these localized environmental considerations do not apply 
to long cracks , which are probably acidic. 
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Lithium i n  s o l i d  s o l u t i o n  o r  a s  homogeneously d i s t r i b u t e d  6 '  does 
no t  promote stress cor ros ion  cracking (A39). Rather ,  i n t e r g r a n u l a r  
p r e c i p i t a t e s :  
- 6 ,  an A l L i  g r a i n  boundary phase i n  b inary  A 1 - L i  
- T2, an A16CuLi g r a i n  boundary phase 3 
- T1, an A 1  CuLi subgrain boundary phase 2 
c r i t i c a l l y  a f f e c t  SCC p r o p e r t i e s  (A39-42). Peak aged A 1 - L i  a l l o y s  
without copper,  o r  a l l o y s  wi th  a high L i  t o  Cu r a t i o  and aged f o r  long 
times a r e  embr i t t l ed .  Reportedly,  t h i s  is due t o  t h e  presence of l a r g e  
g r a i n  boundary 6 p r e c i p i t a t e s  which may cause d i s s o l u t i o n  and/or s t r a i n  
l o c a l i z a t i o n  a t  g r a i n  boundaries;  t h e  con t r ibu t ion  of each i s  unc lea r .  
Overaged b inary  A 1 - L i  a l l o y s  a r e  more r e s i s t a n t  t o  SCC than peak o r  
underaged m a t e r i a l ,  due poss ib ly  t o  crack b lun t ing  by d i s s o l u t i o n  of 
i n t e r g r a n u l a r  6 phase.  
A recent  s tudy has shown t h a t  T p r e c i p i t a t e s  p lay  a major r o l e  i n  
t h e  SCC s u s c e p t i b i l i t y  of A l -  Li-Cu a l l o y  (A43). The SCC crack growth 
s t u d i e s  showed t h a t  ma te r i a l  conta in ing  l a rge  g r a i n  boundary 
p r e c i p i t a t e s  exh ib i t ed  reduced crack growth r a t e s .  I t  was concluded 
t h a t  enhanced l o c a l i z e d  d i s s o l u t i o n ,  caused by t h e  presence of g r a i n  
boundary T2 p r e c i p i t a t e s ,  reduced crack growth by b lun t ing  t h e  c rack  
t i p .  Alloys conta in ing  g r e a t e r  than  approximately 1 w t .  7; copper (eg.  
2020 [ A l - 1 . 2  Li-4.5 CUI o r  2090) a r e  seve re ly  embr i t t l ed  i n  t h e  under 
and overaged cond i t ions ,  wi th  t h e  T phase impl ica ted  as  degrading SCC 1 
r e s i s t a n c e  (A32,A33,A4OYA42). Although, t h e  mechanisms of environmental  
degradat ion a s soc ia t ed  wi th  6 ,  T and T p r e c i p i t a t e s  a r e  unc lea r ,  t h e  
above s t u d i e s  have shown t h a t  p r e c i p i t a t e  morphology, r e s u l t i n g  i n  
s t r a i n  l o c a l i z a t i o n  and loca l i zed  e lec t rochemica l  r e a c t i o n s ,  p lays  an 
important r o l e  i n  t h e  cor ros ion  and s t r e s s  co r ros ion  cracking p r o p e r t i e s  
of aluminum l i th ium a l l o y s .  
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Electrode potential strongly affects SCC in aqueous electrolytes. 
Polarization anodic to the open circuit potential in NaCl solutions 
increased surface preferential attack (pitting), thus promoting IGSCC 
nucleation and perhaps adversely affecting crack propagation by 
dissolution or hydrogen mechanisms (A35). Slight cathodic polarization 
(relative to open the circuit potential) decreased the propensity for 
IGSCC (A34-A36). These polarization results are similar to those 
observed for both 7000 and 2000 series alloys. For the former, the 
effect of electrochemical potential on stress corrosion crack growth and 
crack initiation (slow strain rate testing) is shown in Figure 3a and 
3b, respectively (A44,A45). Investigations have been conducted to study 
the effect of small levels (0 to 300mV) of both anodic and cathodic 
polarization on the slow strain rate performance of 2000 series alloys 
(A45). These studies, as with 7000 series alloys, revealed reduced 
susceptibility under mild cathodic polarization and severe loss of 
tensile ductility under small anodic polarization. A correlation also 
exists between hydrogen permeability of 7000 series alloys in 0.5N NaCl 
as a function of applied electrochemical potential (A46). As shown in 
Figure 3a, cathodic polarization reduces hydrogen permeation and SCC 
susceptibility. Results suggest that hydrogen plays a critical role in 
the embrittlement of 7000 and 2000 series alloys when exposed to aqueous 
NaC1. The effect of slight cathodic polarization of aluminum alloys in 
aqueous NaCl may be a result of improving the quality of the protective 
oxide film (A47). The observation of similar electrochemically 
controlled SCC characteristics of AL-Li, 7000 series, and 2000 series 
alloys is important, suggesting that similar localized environmental 
effects are operative in these alloys. The demonstrated variation in A1 
alloy SCC susceptibility as a function of slight changes in anodic and 
cathodic polarization also reveals the importance of controlling crack 
tip electrochemical potential. The use of controlled electrochemical 
polarization experiments proposed herein will aid in determining the 
role of film formation, dissolution and hydrogen in crack tip 
mechanisms. 
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2 . 4 . 2  Corrosion Fa t igue  
Corrosion f a t i g u e  p r o p e r t i e s  of aluminum a l l o y s  have been 
t h e  s u b j e c t  of cons iderable  research .  Elost of t h e  s t u d i e s  performed t o  
d a t e  have focused on convent ional  7000 and 2000 series aluminum a l l o y s .  
Few have i n v e s t i g a t e d  environmentally a s s i s t e d  f a t i g u e  i n  A 1 - L i  a l l o y s .  
2 . 4 . 2 . 1  Aluminum Alloys i n  Aqueous Chloride 
and Water Vapor 
S tudies  have shown t h a t  f a t i g u e  crack 
propagat ion i n  high s t r e n g t h  aluminum a l l o y s  can be s i g n i f i c a n t l y  
enhanced by environment. The magnitude of t h e  co r ros ion  f a t i g u e  e f f e c t  
depends on a v a r i e t y  of m a t e r i a l ,  environment and loading v a r i a b l e s .  
The f a t i g u e  crack growth c h a r a c t e r i s t i c s  of 2024-T3, 7075-T6, and 
7178-T6, a t  low s t r e s s  i n t e n s i t y  l e v e l s  ( A K  ( 10 EfPa m ) i n  d ry  a i r  
(‘10% R . H . )  and 3 . 5 %  NaCl s o l u t i o n ,  a r e  shown i n  F igure  4 (A48). A 
marked inc rease  i n  f a t i g u e  crack growth was observed wi th  exposure t o  
3 . 5 %  N a C l  s o l u t i o n .  These environmental e f f e c t s  have a l s o  been observed 
a t  h igher  l e v e l s  of stress i n t e n s i t y  (A49,A50). S tud ie s  have shown t h a t  
increased  f a t i g u e  c rack  growth, a t  moderate stress i n t e n s i t i e s  ranging 
from 10 t o  20 EiPa m 2 ,  i s  c o r r e l a t e d  t o  increased pure water  vapor 
p re s su re  (A51,A52). I n v e s t i g a t o r s  have a l s o  compared t h e  near  t h re sho ld  
c rack  growth r a t e s  of 2618 and 7075 a l l o y s  i n  vacuum and n i t rogen  
con ta in ing  50 ppm water  vapor ( A 5 3 ) .  A s i g n i f i c a n t  i nc rease  i n  f a t i g u e  
c rack  growth was observed i n  both a l l o y s  when exposed t o  water  vapor.  
The above i n v e s t i g a t o r s  concluded t h a t  hydrogen ing res s  a t  and ahead of 
t h e  c rack  t i p  p lays  an important r o l e  i n  t h e  acce le ra t ed  crack growth 
observed i n  7000 and 2000 series a l l o y s .  
f 
1 
Corrosion f a t i g u e  c rack  growth rates a t  moderate t o  high AK a r e  
s t r o n g l y  inf luenced by c y c l i c  loading frequency. I n v e s t i g a t o r s  have 
found t h a t  seawater markedly enhances f a t i g u e  crack growth ( r e f e r  t o  
F igure  5a)  and t h a t  t h e  cyc le  based enhancement i s  increased  wi th  
dec reas ing  frequency (A54). Other s t u d i e s  have shown t h a t  t h e  f a t i g u e  
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crack  growth i s  dependent on t h e  product of water  vapor p re s su re  and t h e  
r e c i p r o c a l  of load frequency (A51,A55). Based on t h e s e  r e s u l t s ,  t h e  
observed frequency dependence is  thought t o  be c o n s i s t e n t  wi th  d i f f u s i o n  
of atomic hydrogen ahead of t h e  crack t i p ,  a process  which r equ i r e s  
increased  t i m e  f o r  increased  pene t r a t ion .  The oppos i te  e f f e c t  of 
frequency on f a t i g u e  crack growth r a t e  has been observed a t  low stress 
i n t e n s i t y  ranges (A56). The r e s u l t s ,  shown i n  Figure 5b, r evea l  
increased  growth r a t e s  a t  higher  c y c l i c  f requencies .  This  behavior was 
expla ined  by a s l i p  d i s s o l u t i o n  mechanism which involves  f i lm  rup tu re ,  a 
process  t h a t  i s  enhanced by increased crack t i p  s t r a i n  r a t e  a t  h igher  
loading f requencies .  
The crack growth d a t a  shown i n  F igure  5a and 5b converge a t  t h e  
same stress i n t e n s i t y  range (10 t o  15 PlPa m’), l oca t ing  a po in t  t h a t  
s e p a r a t e s  two regions of frequency dependent c rack  growth. Crack c l o s u r e  
and crack  geometry-chemistry processes  may have a f f e c t e d  t h e  f a t i g u e  
crack growth c o r r e l a t i o n s  shown i n  Figure 5a .  These h i s t o r y  dependent . 
e f f e c t s  may r e s u l t  i n  a high threshold  s t r e s s  i n t e n s i t y  range,  a s  seen  
i n  F igure  Sa ,  masking crack growth frequency e f f e c t s  a t  low stress 
i n t e n s i t y  ranges.  The proposed s h o r t  c rack-cons tan t  AK t e s t s  w i l l  
confirm t h e  presence of t h e  two frequency dependent crack growth regimes 
and i n v e s t i g a t e  a s soc ia t ed  f a t i g u e  crack growth mechanisms. 
1 
As observed f o r  stress cor ros ion  c racking ,  cor ros ion  f a t i g u e  is  
adverse ly  a f f ec t ed  by anodic p o l a r i z a t i o n  and more important ly  t h e  
environmental  e f f e c t  i s  reduced by mild ca thodic  p o l a r i z a t i o n .  The 
e f f e c t  of  p o l a r i z a t i o n  on t h e  f a t i g u e  c rack  growth of an Al-731g a l l o y  
i n  1N NaS04 s o l u t i o n  is  shown i n  F igure  6 (A56). Fa t igue  crack growth 
was increased  by anodic p o l a r i z a t i o n ,  but  crack growth under mild 
ca thod ic  p o l a r i z a t i o n  i s  decreased,  approaching t h a t  observed f o r  d ry  
argon.  Cathodic p o l a r i z a t i o n  f a t i g u e  s t u d i e s  of o t h e r  aluminum a l l o y s ,  
shown i n  Table  3 ,  have revealed t h e  same increased  cor ros ion  f a t i g u e  
r e s i s t a n c e  (A57-A61). S i g n i f i c a n t l y ,  smooth bar  f a t i g u e  l i f e  and slow 
s t r a i n  ra te  SCC (d iscussed  e a r l i e r )  t e s t i n g  r evea l  increased  
environmental  r e s i s t a n c e  under s l i g h t  ca thod ic  p o l a r i z a t i o n .  These 
a 
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results suggest mild cathodic polarization alters surface film 
conditions resulting in improved environmental resistance. 
Anodic and cathodic polarization will be used to alter crack tip 
environment to study possible cracking by dissolution/film rupture or 
hydrogen crack tip mechanisms. 
2.4.2.2 Aluminum Lithium Alloys in Aqueous Chloride and 
Dist i 1 led Water 
Plost of the research performed to date has 
focused on general corrosion and stress corrosion cracking properties of 
A1-Li alloys. Few studies have emphasized the effect of environmentally 
assisted fatigue on these alloys. The limited number of studies 
performed to date have shown reduced smooth bar fatigue life in aqueous 
NaCl and little environmental effect in distilled water. Fatigue crack 
growth experimentation, using notched specimens, has revealed 
accelerated growth in both NaCl solution and distilled water. 
The effect of environment on low cycle fatigue behavior of two 
alloys (Al-Li-Eln and Al-Cu-Li-Nn), and the high cycle fatigue behavior 
of Al-Cu-Li-Zr alloy 2090 have been investigated (A62). Smooth bar 
specimens (L-T orientation) were low cycle fatigue tested, in dry air 
('20;R.H.), vacuum ('10 Torr), laboratory air (500; R.H.), and distilled 
water. Results showed little difference in fatigue life when tested in 
these environments. High cycle fatigue testing in laboratory air and 
aqueous 3 . 5 %  NaCl (open circuit potential), using fully reversed loading 
at a frequency of 15 Hz, revealed a factor of two reduction in fatigue 
life when testing in the 3 . 5 %  NaCl solution. The fatigue strength of 
alloy 2090, in laboratory air and 3 . 5 %  NaCl solution, was also found to 
be comparable to alloy 7075. It was concluded that reduction in the 
fatigue resistance of alloy 2090, in aggressive sodium chloride 
environment, is due to a complex mechanism involving the interplay of 
microstructure and slip morphology with passive film breakdown by C1-, 
anodic dissolution and hydrogen embrittlement . Smooth bar A1-Li-Mi1 and 
Al-Li-Cu specimens were low cycle fatigue tested in dry air ('2"hR.H) and 
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distilled water (A63). As observed above, no appreciable environmental 
affect on fatigue life was detected when testing in distilled water. 
Classically, fatigue life is reduced as chloride ions weaken the passive 
film, producing sites for crack initiation and advance by 
dissolution/film rupture or hydrogen embrittlement. 
Fatigue crack growth studies, using notched specimens, have 
revealed increased crack growth in both NaCl solution and distilled 
water environment. A PN Al-Li-Cu alloy exhibited a five-fold increase 
in fatigue crack growth when tested (f = 1 Hz, R = 0.1) in 3.5% NaCl 
solution (open circuit potential) and compared to laboratory air 
environment (A64). The fatigue crack growth characteristics of a 
rapidly solidified A1-Li-Cu-Pln alloy was studied (f = 10 Hz, R = 0.05) 
in argon, air, distilled water, and 3.50; NaCl solution (open circuit 
potential) (A65). Fatigue crack growth rates in distilled water and 
3.5% NaCl solution were found to be 2 to 3 times higher than in air or 
argon. Increased fatigue crack growth rates were also observed for an 
Al-Li-Mn and Al-Li-Cu alloys when tested (f = 10 Hz, R = 0.1) in 
distilled water and compared to dry air ( '  20; R.H.) (A63). 
Little is known about A1-Li alloy crack chemistry in aqueous 
environments. Distilled water environment test results suggest that 
occluded cell effects play an important role in producing an aggressive 
localized environment that results in increased corrosion fatigue crack 
growth. Possibly, the crack chemistry is altered by hydrogen production 
or elemental dissolution resulting in the aggressive environment. 
A s  in conventional high strength aluminum alloys, A1-Li material 
exhibits retarded fatigue crack growth under mild cathodic polarization. 
The fatigue life of an A1-4.24Mg-2.13Li alloy was increased by mild 
cathodic potentials, but degraded by applied anodic and higher cathodic 
potentials (A66). Four point bend corrosion fatigue tests were 
performed at a frequency of 2 . 8  Hz in 0.5N NaS04 and 0.5M NaCl solution. 
It was suggested that higher cathodic polarization increases the pH of 
the solution at the surface and anodic polarization decreased pH, 
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resulting in an unstable passive film and decreased fatigue life. Little 
explanation was given for increased fatigue life under slight cathodic 
polarization. It is important to note that these electrochemical 
polarization effects parallel those observed for conventional high 
strength aluminum alloys, suggesting that similar mechanisms of 
environmental damage are operative. 
2.4.3 Occluded Cell Chemistry 
The localized electrochemistry within cracks, pits and 
crevices in A1-Li may be unique compared to conventional 7000 series 
aluminum alloys. For the latter, in 3% NaCl solution, the crack 
solution acidifies to pH 3 due to oxygen depletion, A1 ion hydrolysis, 
and chloride ion enrichment (A67,A68). The cathodic potential where 
this process is eliminated is not defined. Alkaline (pH 10 to 11) 
conditions within occluded geometries in A1-Li have been reported. It 
was suggested that the environment is controlled by dissolution of Li 
ions which react with OH-, from water reduction, to from LiOH at an ' 
equilibrium pH of 11 (A32,A69). Recently, NaCl pre-exposure studies of 
alloy 8 0 9 0 ,  an Al-Li-Cu-Mg material, showed that initiation and small 
crack propagation is favored by the attainment of a critical pH of 10.5 
2 to 11 (A38). It was suggested that small crack pH is controlled by CO 
absorption. A s  the crack grows, CO plays less of a role in controlling 2 
pH and the crack tip environment acidifies by A1 ion hydrolysis. The 
implications of crack chemistry differences on crack propagation are 
speculative, and the effects of applied potential and convective mixing 
during fatigue are undefined (A34,A70). 
++ 
2.4.4 Mechanisms for Crack Tip Damage in Corrosion Fatigue 
Fi lm formation/rupture/dissolution and hydrogen 
embrittlement have been proposed as damage mechanisms during the 
corrosion fatigue of high strength aluminum alloys. Accelerated fatigue 
crack growth of high strength aluminum alloys after exposure to water 
vapor and aqueous environments and the dependence on frequency of 
environmental assisted FCG have led researchers to propose these crack 
a 
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t i p  damage mechanisms. L i t t l e  i s  known about t h e s e  proposed crack t i p  
mechanisms i n  aluminum l i t h ium a l l o y s  and t h e i r  s p e c i f i c  r o l e s  during 
co r ros ion  f a t i g u e  is  s p e c u l a t i v e .  The following i s  a b r i e f  d i scuss ion  
of two hypothesized regimes of environmentally induced damage. 
F igu re  7 is a p l o t  of crack growth r a t e  and stress i n t e n s i t y  range 
i d e n t i f y i n g  two regimes of aqueous environment f a t i g u e  crack growth; a 
low AK-REGION 1 and a higher  AK-REGION 2 .  These two regions a r e  
c h a r a c t e r i z e d  by oppos i t e  c y c l i c  frequency responses.  The low AK region 
e x h i b i t s  i nc reased  f a t i g u e  crack growth wi th  increased c y c l i c  frequency 
and can be explained by a f i lm  formation/rupture  mechanism (A56). The 
observed inc reased  FCG a t  higher  frequency is explained by t h e  inc reased  
crack t i p  s t r a i n  r a t e  r e s u l t i n g  i n  increased f i lm  r u p t u r e  and enhanced 
s l i p  s t e p  d i s s o l u t i o n .  Along wi th  t h i s  mechanism, hydrogen i n g r e s s  
r e s u l t i n g  i n  crack t i p  damage is p l a u s i b l e .  I n  general  many 
u n c e r t a i n t i e s  remain concerning environmental e f f e c t s  on t h r e s h o l d  
f a t i g u e  crack growth. REGION 2 e x h i b i t s  increased crack growth r a t e  a t  . 
low frequency, c o n s i s t e n t  w i th  hydrogen formation and migrat ion t o  t h e  
crack t i p  ; a t i m e  dependent mechanism (A5 1)  . These hypothesized regimes 
of environmental  damage form t h e  b a s i s  of t h e  proposed r e sea rch .  Much 
of t h e  experimentat ion i s  d i r e c t e d  a t  determining t h e  mechanisms of 
damage l o c a l i z a t i o n  i n  t h e s e  two regimes. 
3 . 0  Proposed Experimental Approach 
The above review has shown t h a t  l i t t l e  is known about t h e  co r ros ion  
f a t i g u e  p r o p e r t i e s  of A 1 - L i  a l l o y s  and even less about mechanisms of 
crack t i p  damage. L i s t e d  below a r e  t h e  major f indings of t h e  l i t e r a t u r e  
review: 
-- 
- -  Importance of e x t r i n s i c  e f f e c t s  
- -  
- -  
- -  Cathodic/anodic p o t e n t i a l  e f f e c t s  
- -  
Limited A 1 - L i  co r ros ion  f a t i g u e  d a t a  
Importance of small  crack s i z e  
Fa t igue  crack growth frequency e f f e c t  
Two regimes of environmental FCG - A K t h ,  Paris 
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0 The goal  of t h e  proposed r e sea rch  i s  t o  s y s t e m a t i c a l l y  explore  t h e s e  
unknown a r e a s  by des ign ing  experiments t o  s e p a r a t e  and q u a n t i f y  t h e  
c r i t i c a l  f a c t o r s  which in f luence  co r ros ion  f a t i g u e  i n  t h e  two regimes of 
s t r e s s  i n t e n s i t y  de f ined  e a r l i e r .  
a 
3 . 1  ExDer imental  Nethods 
a 
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3 . 1 . 1  Short  Crack Geometry 
Najor emphasis w i l l  be placed on t h e  s tudy of s h o r t  crack 
growth k i n e t i c s  f o r  A1-L i  a l l o y s .  This  crack geometry, i n  conjunct ion 
with c o n t r o l l e d  mean s t r e s s ,  should e l i m i n a t e  e x t r i n s i c  crack t i p  
e f f e c t s ,  t h e r e f o r e  producing crack growth c h a r a c t e r i s t i c s  which a r e  a 
r e s u l t  of only i n t r i n s i c  environmentally a s s i s t e d  f a t i g u e  mechanisms. 
F igu re  8 is  a d e t a i l e d  drawing showing t h e  micronotched specimen t h a t  
w i l l  be used f o r  a l l  f a t i g u e  t e s t i n g .  Specimen dimensions and f a t i g u e  
t e s t  loading schemes have been chosen so t h a t  t h e  following c r i t e r i o n  
a r e  maintained. 
I n  p l ane ,  small  s c a l e  y i e l d i n g  c r i t e r i a :  
RY ( 0.1 (W-a) 
e 
a 
e 
e 
' l i m i t  P (  
Out of Plane,  plane s t r a i n  c r i t e r i a :  
Ry ' 0.15 B 
where : 
Ry = monotonic p l a s t i c  zone s ize  
(plane s t r e s s )  
= (fn) (Kmax/aY)2 
' l i m i t  = 1.072 (Bay(w-a)) 
1 
B = [ I  + ( a / ~ - a > ~ ] '  - ( a / (w-a>)  
ay = y i e l d  stress 
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W = specimen width 
B = specimen thickness 
a = crack length 
P = applied load 
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Two notch depth designs have been chosen (0.305 mm and 0.889 mm) so that 
crack studies can be performed using a wide range of A K .  To minimize 
residual stress and microstructural variations, specimens will be 
fabricated from material located away from the rolling surfaces and at 
the same plate elevation. Residual stresses will also be minimized by 
electrodischarge machining (EDPI) of the notch. 
3.1.2 Potential Difference 
Most short crack measurement techniques, including 
replication, laser CNOD measurement, and optical, do not easily lend 
themselves to remotely monitored, aggressive environment crack growth 
studies; therefore, the potential difference method will be used for 
continuous crack length measurement. The potential difference method, 
which has been used for the study of environmental effects of short 
crack growth in steel (A73), has not been applied to aluminum alloy 
short crack research. Potential difference monitoring of short crack 
growth in remote contained environments is complex and further 
development of experimental techniques will be required before it can be 
applied to these short crack studies. Techniques needing development 
include: 1) A method of precision attachment of potential drop signal 
probes adjacent to the specimen micronotch; 2) The reliable detection 
of a small ( ‘100 u V  with 0.1 pV resolution) potential drop signal over 
extended periods of time (2 weeks); 3 )  The adaptation of this method, 
for A1 alloys, to agressive aqueous environments without interfering 
corrosion effects. Once developed, this method (as in steels) will have 
the unique ability to continuously monitor the growth and growth 
transients of short cracks in remote environments. 
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The experimental setup is shown in Figure 9 .  A constant current of 
approximately 12 amperes is applied to the specimen through the loading 
fixtures. Two 0,127 mm diameter copper potential drop probes are spot 
welded within a specified distance (0 .3  to 0.5 mm) from the micronotch. 
The potential difference is monitored across these probes and converted 
from an analog to digital signal that is sent to a computer where all 
test functions are automatically controlled. Using an analytical 
calibration procedure (A73), crack depth is computed for each measured 
value of electrical potential. Based on previous studies (A73), crack 
growth resolution of less than 5 pm is expected. Crack growth rates are 
computed for each crack depth value using ASTN E647 methods. Associated 
crack tip stress intensities are calculated using methods described in 
the following section. 
3 . 1 . 3  Stress Intensity 
Fatigue crack growth rate testing will be performed at 
constant cyclic stress intensity. The use of constant AK experiments 
will ensure that the measurement of intrinsic fatigue crack growth is 
not masked by the introduction of extrinsic history effects and 
transient environment chemistry effects. The cyclic stress intensity 
for the single edge notch specimen is given as follows: 
- 
AK = (AP/BW) J(na)F(a/W) (74)  
where AP = max load - min load 
a = crack length 
W = specimen width 
B = specimen thickness 
F(a/w) = J[(2W/aa)tan(na/2W)] ;': 
e 
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Specimen end rotation will be freely maintained by a clevised pull rod 
configuration. Constant crack tip AK is maintained by computer 
controlled load reduction. This is accomplished by using the SEN cyclic 
stress intensity equation and the following espression ( A 7 5 ) .  
A K  
where a 
0 
a 
C 
= A K  exp[C(a-a ) ]  
= initial crack length 
= current crack length 
= constant with dimension of l/length 
= 0 for constant A K  test 
0 0 
Most studies of environmental effects on fatigue crack growth have 
been performed at relatively high stress intensities. The mechanisms of 
environmentally induced embrittlement identified at these stress levels 
may not be dominant at threshold levels. Therefore, experiments will be 
performed at both threshold and intermediate stress intensity ranges. 
By selecting appropriate stress ratio (R) values, all experiments will 
be performed at the same maximum stress intensity. This will allow 
changing to significantly different levels of A K  without delays 
introduced by monotonic plastic zone crack growth retardation. 
3 . 2  Environment 
3.2.1 Compos it ion 
Fatigue testing will be performed in the following 
environments: 
1. High purity helium 
2 .  
3 .  High purity oxygen 
4 .  Deaerated distilled water containing NaCl with constant 
High purity helium and water vapor 
potential polarization. 
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High purity helium will be used as an inert reference environment. 
Previous investigators have suggested that enhancement of fatigue crack 
growth by water vapor in 2000 and 7000 series aluminum alloys occurs by 
a hydrogen embrittlement mechanism (A51,A52). FCG testing of an 
Al-Li-Cu alloy will be performed in water vapor to investigate possible 
embrittlement by hydrogen. Crack tip oxide surface films and their 
effect on damage mechanisms will be studied in the pure oxygen 
environment. All high purity gaseous environmental testing will be 
performed in a vacuum system capable of a 3 X 10 torr atmosphere. 
Short crack effects will be studied in deaerated aqueous NaCl 
environment, under controlled anodic and cathodic electrochemical 
potential. 
-9 
3.2.2 Electrochemical Potential 
The open circuit potential of A1-Li alloys can vary 
significantly with time. Because of the dynamic corrosion behavior, 
specimen electrochemical potential will be controlled during aqueous ' 
environment FCG experiments. The specimens will be polarized to 
specific anodic and cathodic potentials to study mechanisms of crack tip 
damage under different crack tip environmental conditions. 
The deaerated NaCl solution is continuously pumped through the test 
chamber at a controlled rate. Specimen electrochemical behavior is 
potentiostatically controlled using platinum counter electrodes and a 
Ag/AgCl reference electrode shown in Figure 10. 
3.2.3 Frequency 
Parametric studies will be performed in aqueous 
environments to determine the effect of frequency on corrosion fatigue 
crack growth rate at different stress intensity ranges. Based on these 
results, one test frequency will be chosen for all experiments. A test 
frequency will be chosen based on enhanced environmental crack growth 
and reasonable test duration. This will aid in the determination of the 
effects of various microstructural features on the corrosion fatigue 
behavior of Al-Li-Cu alloys. 
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Mechanisms of corrosion fatigue, in Al-Li-Cu material, will be 
studied by monitoring the growth of short fatigue cracks along specific 
plate directions (L-T and L - S ) ,  as shown in Figure 11. These plate 
directions will allow the study of FCG characteristics along a path 
containing significantly differently microstructures. 
3 . 3 . 1  Plater ia 1 
Corrosion fatigue testing will be conducted using 
commercial alloy 2090 (A1-2.4°ALi-2.500Cu-0. lo0Zr) material obtained from 
Alcoa in the solution treated and stretched (T3) condition. Thermal 
treatments will be performed to obtain specific microstructures. 
Limited FCG experiments will be conducted using a reference 
material, peakaged alloy 7075. The reference material was selected for 
the following reasons; 1)  The occluded crack chemistry of alloy 2090 
and alloy 7075 may be significantly different (high pH and low pH, 
respectively). Mechanistically, a comparison of the CF response of these 
alloys is of great interest; 2) The alloy 7075 short crack corrosion 
fatigue results will be compared to ample long crack literature data; 3)  
Alloy 2090 is designed to replace the commercial use of alloy 7075 and 
therefore it is of interest to compare their general CF response to 
aqueous environments. 
3 . 3 . 2  Crack Path 
By taking advantage of the anisotropic microstructure of 
Al-Li-Cu rolled plate, short crack testing can be used to study the 
effect of environment on different microstructural features. Fatigue 
crack growth experiments will be preformed in the longitudinal-short 
(L-S) and longitudinal-transverse (L-T) directions, as shown in Figure 
12. These two crack path directions have been selected to optimize the 
difference in crack front microstructural conditions. Figure 12 
illustrates how the L-T and L-S directions will significantly change the 
high angle grain boundary microstructure sampled by the crack front. As 
6 
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seen in Figure 12a, a flaw propagating normal to the pancake grain is 
completely embedded within one or two grains with the crack front 
sampling/impinging the subgrain microstructures. Based on small crack 
fatigue results ( A Z l ) ,  the sampling of many subgrain boundaries (in 
Alloy 2090) by the crack front does not introduce an intrinsic 
threshold. The propagation of short cracks in the L-S direction may 
approach a microstructural small crack geometry and single 
crack-boundary interactions will be resolved. 
Figure 12b shows a flaw oriented in the transverse or L-T 
direction. In this orientation, the microstructural morphology along the 
crack tip is significantly different than in the L-S direction. The L-T 
direction will allow many (10 to 30) high angle grain boundaries to be 
sampled by the crack front. If crack length is minimized, in the L-T and 
L-S directions, short crack geometry will be maintained and extrinsic 
effects (closure) eliminated. These crack paths will allow unique 
experiments to be performed by monitoring crack growth transients as 
significantly different microstructural features interact with the 
advancing crack front environment. 
Recently micromechanical models have been proposed for fatigue 
crack deflection and fracture surface contact ( A 7 7 ) .  Fatigue crack 
growth changes are predicted based on crack deflection and associated 
closure processes. The crack path geometry shown in Figure 12a 
represents the microstructural path assumed for these models. Using 
this geometry, tests will be performed to confirm model predictions by 
accurately monitoring changes in crack growth as the advancing crack 
front changes direction. 
3 . 3 . 3  Precipitates/Boundaries 
Based on previous investigations, copper bearing 
precipitates and high angle grain boundaries have been identified as 
possible microstructural features involved in the environmental 
degradation of Al-Li-Cu alloys. Experiments will study crack tip 
interactions with these microstructural features under controlled 
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environmental cond i t ions .  The p r e c i p i t a t e  / boundary mic ros t ruc tu res  of 
p a r t i c u l a r  i n t e r e s t  a r e :  
- High angle  g r a i n  boundaries con ta in ing  T p r e c i p i t a t e s  
- Subgrain boundaries con ta in ing  T p r e c i p i t a t e s  
- 
2 
1 
High angle  g r a i n  boundary p r e c i p i t a t e  f r e e  zones 
A peakaged m a t e r i a l  (130°C f o r  3-4 h r s ) ,  e x h i b i t i n g  t h e  above 
m i c r o s t r u c t u r a l  f e a t u r e s ,  w i l l  be used f o r  Phase 1 and 2 and most of 
Phase 3 experimentat ion.  Reversion thermal t reatments  w i l l  be performed 
t o  i s o l a t e  s p e c i f i c  m i c r o s t r u c t u r a l  f e a t u r e s  f o r  Phase 3 t e s t i n g .  Each 
m i c r o s t r u c t u r e  w i l l  be cha rac t e r i zed  by o p t i c a l  and t r ansmiss ion  
e l e c t r o n  microscopy. 
e 
3.4  Experimental Program 
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The proposed r e sea rch  i s  divided i n t o  t h r e e  phases.  Prel iminary 
Phase 1 t e s t i n g  w i l l  be performed t o  develop experimental  techniques and 
t o  determine t e s t  parameters.  Phase 2 w i l l  address  ques t ions  a s s o c i a t e d  
with c h a r a c t e r i z a t i o n  of co r ros ion  f a t i g u e  crack propagation i n  Alloy 
2090 regarding m i c r o s t r u c t u r a l  crack pa ths  and environmental e f f e c t s .  
Based on t h e s e  d a t a ,  Phase 3 experiments a r e  designed t o  answer more 
s p e c i f i c  ques t ions  d i r e c t e d  a t  a mechanis t ic  view of damage 
l o c a l i z a t i o n ,  with emphasis on crack t i p -p rec ip i t a t e -env i ronmen t  i n t e r -  
a c t i o n s .  The fol lowing i s  a summary of proposed work r equ i r ed  t o  answer 
t h e  ques t ions  posed i n  t h e  i n t r o d u c t i o n .  An o u t l i n e  of Phases 1 , 2  and 3 
is  given Tables 4 ,  5 ,  and 6 ,  r e s p e c t i v e l y .  
3 . 4 . 1  Phases of Research 
3 . 4 . 1 . 1  Phase 1: Prel iminary Experiments 
Electrochemical p o l a r i z a t i o n  experiments w i l l  
be performed t o  determine t h e  co r ros ion  p r o p e r t i e s  of Alloy 2090 a s  a 
func t ion  of NaCl concen t r a t ion .  A summary of t h e s e  experiments i s  
l i s t e d  i n  Table 4 .  Underaged, peakaged and overaged m a t e r i a l  w i l l  be 
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anodically polarized while exposed to deaerated NaCl solution of varying 
salt content. These experiments will determine the open circuit 
potential, passive region characteristics and pitting (breakaway) 
potential for the different aging conditions and chloride 
concentrations. Detailed specimen surface microstructural examinations 
will characterize the relative susceptibility of precipitates and 
constituent particles. 
The primary objective of the corrosion tests is to determine 
microstructural (heat treatment) and environmental conditions for 
corrosion fatigue testing. Specifically, a chloride concentration and 
material heat treatment will be selected to minimize localized pitting 
and crevice corrosion, and to limit fracture surface deterioration 
during corrosion fatigue testing. Fatigue specimen electrochemical 
potential will be selected based upon electrolyte IR-drop limits 
(cathodic potential) and pitting potential (anodic potential). The 
selected material microstructures will be characterized by transmission 
electron microscopy. 
Because the proposed corrosion fatigue methods have not been 
applied to aluminum alloys, preliminary tests will be performed to 
develop and verify experimental techniques. Fatigue crack growth 
experiments summarized in Table 4 will be performed using well 
characterized 4130 steel and alloy 2090 .  Experimental results will be 
compared to literature data, generated by established techniques, 
thereby demonstrating the proposed short crack potential drop method. 
A number of short crack fatigue experiments will be performed to 
demonstrate experimental techniques prior to final testing. Constant 
cyclic stress intensity testing of Alloy 2090 will be performed in 
helium and aqueous NaCl environments to verify that the methods proposed 
herein measure intrinsic crack growth. Aqueous chloride fatigue crack 
growth testing will be performed at near threshold and high levels of 
cyclic stress intensity. The crack growth rate will be monitored at 
various anodic and cathodic electrochemical potentials. Based on these 
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results, constant stress intensity ranges and electrochemical potential 
levels will be selected for testing in Phases 2 and 3 .  
3 . 4 . 1 . 2  Phase 2 :  Characterization of Intrinsic 
Corrosion Fatigue Crack Growth 
Phase 2 experimentation has been designed to 
address those questions posed earlier: 
a) What are the growth kinetics and microstructural paths of 
corrosion fatigue cracks in Al-Li-Cu alloys, exclusive of 
extrinsic closure effects and relevant to two specific 
hypothesized regimes of environmental damage? 
b) Is the short crack geometry uniquely sensitive to 
environmental embrittlement due to localized cell chemistry? 
a 
0 
a 
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Table 5 is a summary of the proposed Phase 2 testing. The 
experiments have been designed to investigate environmental damage 
within the two hypothesized regimes, near threshold and high A K .  Levels 
of AK and corresponding R values, listed in Table 5 ,  were chosen to 
eliminate crack tip extrinsic closure effects, and to maintain a 
constant maximum plastic zone size (monotonic or forward loading) to 
eliminate interfering FCG retardation effects when changing from high to 
near threshold A K  levels. 
Initial Phase 2 testing will be conducted at constant A K ,  in the 
aqueous NaCl environment, and at selected constant frequencies. The 
objective of these tests is to confirm the presence of the two frequency 
dependent regimes of environmental damage. An optimum frequency, based 
on environmental sensitivity and test duration, will be selected for the 
remainder of Phase 2 and Phase 3 experimentation. 
The major portion of Phase 2 testing, will be directed at 
investigating the two regimes of environmental damage varying the key 
parameters of constant cyclic stress intensity, microstructure (L-T and 
L-S crack path direction), and environment (gaseous and aqueous). Based 
on the results of preliminary Phase 1 testing, aqueous experiments will 
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be conducted using specific environmental conditions (NaC1 content and 
constant electrochemical potential). Alloy 2090 will be tested in the 
L-S and L-T directions to optimize microstructural differences at the 
crack tip. Results will be in the form of crack length (a) versus 
number of cycles (N) plots exhibiting linear characteristics at data 
acquisition intervals of a ‘5 pm. Changes in slope (changes in crack 
growth da/dN) will be correlated with environment and detailed optical 
and SEN examinations of specimen fracture surfaces. Based on these 
results, the corrosion fatigue growth kinetics, microstructural paths 
and short crack geometry effects will be determined for an Al-Li-Cu 
material. 
3.4.1.3 Phase 3: Definition of Localized Crack 
Tip Damage 
Phase 3 experiments are directed at specific questions pertaining 
to mechanisms of corrosion fatigue in Al-Li-Cu alloys. These questions 
are listed below: 
e 
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a) What mechanisms of intrinsic damage localization occur within 
- High AK regime: embrittlement by hydrogen? 
- Low AK regime: surface film rupture/dissolution? 
the identified regimes of environmental cracking? 
b) Do precipitates control intergranular and transgranular 
corrosion fatigue crack propagation due to enhanced galvanic 
dissolution, hydrogen production, imperfect passivation, 
strain localization or crack chemistry alteration? 
A summary of Phase 3 testing is shown in Table 6 .  Experimentation is 
divided into three experimental areas; 1) embrittlement testing, 2) 
corrosion fatigue testing of selected microstructures, and 3) study of 
crack surface films by slow cycle potential difference measurements. 
Embrittlement testing: K I C  or J methods will be used to measure 
the fracture properties of corrosion fatigue specimens precracked in 
different environments and stress ranges. These CF specimens have a 
calculated, fatigue induced, embrittled, plastic zone ranging in size 
IC 
e A-28 
0 
0 
0 
0 
0 
0 
from 80 v m  t o  175 vm, f o r  a c y c l i c  maximum s t r e s s  i n t e n s i t y  of 
15 MPa m'. I t  i s  hoped t h a t  f r a c t u r e  toughness t e s t  r e s u l t s  and 
f r a c t u r e  s u r f a c e  examinations w i l l  y i e l d  information p e r t a i n i n g  t o  
f a t i g u e  induced embrit t lement mechanism(s) . By using r e s i s t a n c e  curve 
a n a l y s i s ,  t h e  e x t e n t  of crack t i p  embrit t lement w i l l  be q u a n t i f i e d .  The 
c o r r e l a t i o n  of embrit t lement zone s i z e  versus  environment and 
mic ros t ruc tu re  may lead t o  mechanis t ic  conclusions.  
1 
Corrosion f a t i g u e  t e s t i n g  of s e l e c t e d  mic ros t ruc tu res :  The two 
major copper con ta in ing  p r e c i p i t a t e s  i n  Alloy 2090, T1 (subgrain and 
matr ix)  and T (high angle  g r a i n  boundaries) ,  have been implicated a s  
environmentally s e n s i t i v e  i n  monotonic SCC experiments.  The 
electrochemical  p o t e n t i a l  of t h e s e  p r e c i p i t a t e s  i s  l i k e l y  t o  c o n t r o l  
co r ros ion  f a t i g u e  crack propagation i n  aqueous NaC1. S p e c i f i c a l l y ,  a 
small  crack w i l l  be grown under constant  s t r e s s  i n t e n s i t y  and i n  aqueous 
c h l o r i d e  environment t o  e s t a b l i s h  a s t eady  s t a t e  f a t i g u e  crack growth 
r a t e .  The cons t an t  e lectrochemical  p o t e n t i a l  w i l l  be changed anod ica l ly  
and c a t h o d i c a l l y  ( r e l a t i v e  t o  open c i r c u i t  p o t e n t i a l )  and t h e  r e s u l t a n t  
t r a n s i e n t  crack growth r a t e  measured by t h e  p o t e n t i a l  d i f f e r e n c e  method. 
A comparison of crack growth response w i l l  be monitored versus  
e lectrochemical  p o t e n t i a l  f o r  small  cracks i n  t h e  fol lowing 
mic ros t ruc tu res :  
2 
- s i n g l e  g r a i n  with T and 0 '  
- s i n g l e  g r a i n  w i t h o u t  (minimal) T 
- 
- 
1 
1 
mul t ip l e  g r a i n s  along crack f r o n t  with T 
m u l t i p l e  g r a i n s  a long crack f r o n t  with T 
O', and T2 1' 
2 
Changes i n  aqueous NaCl f a t i g u e  crack growth w i l l  be monitored as  c racks  
a r e  grown through t h e  above m i c r o s t r u c t u r e s .  Resu l t s  w i l l  be compared 
t o  d e t a i l e d  f r ac tog raph ic  examinations.  These r e s u l t s  w i l l  determine 
t h e  e f f e c t  of copper con ta in ing  phases on environment a s s i s t e d  f a t i g u e  
crack growth i n  A 1 - L i  a l l o y s .  Based on t h e s e  experimental  r e s u l t s ,  o t h e r  
a l l o y s  ( A l - L i  b inary o r  Al-Li-Cu-Mg a l l o y )  may be considered f o r  
t e s t i n g  . 
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If results indicate that hydrogen enibrittlen~ent is a primary 
mechanism of Al-Li-Cu alloy corrosion fatigue crack growth, additional 
experiments will be performed to study mechanisms of hydrogen induced 
crack tip damage. The role of hydrogen will be investigated by 
performing inert and high purity water vapor fatigue experiments in 
large recrystallized grain Al-Li-Cu material. Water vapor affects 
fatigue crack growth and crack path in single crystals of Al-Zn-flg alloy 
(A78). In dry air, Stage I cracking along (111) planes was observed, 
but exposure to moist air increased crack propagation rates and cracks 
grew in (111) planes. These effects were also found to be frequency 
dependent. Results suggest that lower frequencies allow increased bulk 
hydrogen diffusion to regions ahead of the crack tip where damage 
presumably evolves. Low frequency fatigue tests will be performed using 
Alloy 2090 plate material containing large recrystallized grains. A 
small corner crack will be grown into a single recrystallized grain. As 
the environment is changed from helium to high purity water vapor, the 
change in crack growth rate will be monitored and the corresponding 
change in crack path will be noted by fractographic examination. These 
studies will aid in the understanding of environmental effects on 
transgranular crack growth in the Al-Li-Cu system. 
Surface film study: Small changes in crack surface contact and 
electrical conductivity will be studied for different cracking 
environments by examining the load or crack opening sensitivity or 
potential. These changes have mechanistic implications. Crack surface 
contact effects on electrical potential are amplified by increased 
surface conductivity. These effects have been observed for small cracks 
in 4130 steel tested in aqueous 3% NaCl solution and correlated to 
expected changes in crack chemistry and surface films (A73). 
Electrical potential contact effects will be monitored during Phase 2 
and 3 experimentation. Precise measurement of contact electrical 
potential will be performed for Alloy 2090 and 7075, in inert and 
embrittling environments. These data will be correlated with fatigue 
crack growth results, fractographic observations and expected crack 
0 A-30 
chemistries, and used as a diagnostic tool to determine the role of 
surface films during corrosion fatigue. 
A s  part of Phase 3 testing, detailed fracture surface examinations 
of gage length surfaces will characterize crack path and persistent slip 
band morphology. Fracture surface SEN examination will document crack 
path microstructural interactions. An attempt will also be made to 
fabricate TEN foils containing fracture surfaces. The foils will be 
prepared so that damage at or near the fracture surface can be 
characterized to identify fatigue and environmentally induced damage 
mechanisms. 
3.5 Summary of Expected Results 
Mechanisms of crack tip damage will be identified by analysis of 
corrosion fatigue and fracture toughness test results and correlations 
to detailed SEN and TEM fractographic analysis results. The following 
is a general summary of expected results. 
GENERAL TEST DESCRIPTION 
Phase 1: Preliminary Testing 
0 
Phase 2 :  Corrosion Fatigue 
Characterization 
8 
Phase 3 : Damage Mechanisms 
Testing WIC/JIC> 
Embrittlement 
Pl i c r o s t ruc tu r e 
FCG Study 
Surface Film Study 
EXPECTED RESULTS 
- Qualify test techniques 
- Identify test environments 
- Determine test parameters - Determine FCG characteristics 
- Identify CF regimes 
- Determine effect of environment 
type and contribution of HE, 
dissolution, surface film 
- Identify possible susceptible 
microstructure 
- Compare CF in alloy 2090  and 
7075 
- Confirm role of HE 
- Determine size of embrittlement 
zone versus exposure K and 
microstructure 
- Identify role of microstructure 
versus confirmed mechanism 
- Identify role of surface films 
during CF for different 
environment types 
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Alloy 
A1-Li 
Binary 
Al-Li-Cu-Zr 
Alloy 2090 
Stretched 
and Peakaged 
TABLE 1 
A1-Li-Cu and A1-Li Microstructure 
Matrix 
Phases 
6' , 6  
Sub Grain 
Boundary 
Phases 
N/A 
T1 
High Angle 
Grain Boundary Precipitate 
ComDosition 
6' - A13Li 
6 - AlLi 
€9' - A12Cu 
T1 - A12CuLi 
T2 - A16CuLi3 
/I' - A13Zr 
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TABLE 2 
I I 
0 
(A)  
Shor t  
Ry >> g . s .  
Many g r a i n s  @ f r o n t  a 
It S m a  1 1 
M i c r o s t r u c t u r a l  
Crack i n  1 g r a i n  
Ry < 1 t o  2 g . s .  
(1) Phys ica l  
Mechanisms of  Small Crack Fa t igue  Growth 
a 
( 2 )  Mechanical 
a i  1 t o  5 Ry 
SSY V i o l a t e d  
Act ive P l a s t i c i t y  
J I n t e g r a l ,  CTOD 
a < g . s . ,  Ry < g . s .  
Enhanced c r a c k  opening 
I n c r e a s e d  t i p  s t r a i n  
( 3 )  Chemical 
a < 5 m  
Crack geometry s e n s i t i v e  
Mass t r a n s p o r t  and chemical r e a c t i o n  
Ry - Crack t i p  r e v e r s e d  p l a s t i c  zone s i z e  
g . s .  - Gra in  s i z e  
a - Crack l e n g t h  
SSY - S m a l l  scale y i e l d i n g  ( c r i t e r i o n  o f  l i n e a r  e l a s t i c  f r a c t u r e  
"Active p l a s t i c i t y "  zone comparable i n  s i z e  t o  c r a c k  l e n g t h  
mechanics) 
c 
e A-39 
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a TABLE 3 
Effect of Cathodic Polarization on FCG 
0 
e 
0 
Material Observation Reference 
7075-T6 Smooth specimen - fatigue life in salt water (57 # 59) 
& T76 increased by polarizing to -1.0~ (SCE). At more 
negative potentials fatigue life reduced. 
A l -  Zn-Mn- Smooth specimen-cathodic potentials, to -1.3v, (58) 
cu (SCE) lengthened fatigue life in 1% NaCl aerated 
solution. At potentials more cathodic, fractures 
become brittle in appearance. 
5086-H34 Smooth specimen-cathodic polarization at - 1 . 0 ~  ( 6 0 )  
(SCE), in seawater @ 20H2, produced a growth rate 
similar to that in air. A potential of -1.3 v (SCE) 
caused a more rapid growth rate. 
5086 -H116 In natural seawater, at low K, FCG decreased with 
-H117 decreasing potential. 
5456 -H116 No embrittling FCG effects were observed to a 
cathodic potential of - 1 . 4 ~  (Ag/AgCl). 
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TABLE 5 
J 
Phase 2 Experiment Summary 
2 - 5  
2 - 6  
2 - 7  
2 - 8  
2 - 9  
2 - 1 0  
2 - 1 1  
2 - 1 2  
2 - 1 3  
2 - 1 4  
2 - 1 5  
2 - 1 6  
2 - 1 7  
0 
e 
0 
e 
0 
Test DK Crack Growth Material 
_No. MPa rn f (Hz) Increment (nun1 TyDe Direction Environment 
NaCl - Anodic L- T 2 - 1  2 . 2  0 . 8  20,5 2 . 5  2090 
- Cathodic 
2 . 2  0.8 2,1,0.1, - Cathodic 
2 . 4  0 . 8 5  l,O.l, 
2 , 1 , 0 . 2  
0.07 
NaCl - Anodic 
2 - 3  15.0 0 . 0 5  20,5  2 . 5  2090 L-T NaCl - Anodic 
L-T 2 - 2  9 . 9  0 . 1  2 0 , 5  3 . 8  2090 
0.01 
0.01 
2 . 0  
TBD 
TBD 
2090 
7075 
J 
2090 
2090 
L-T 
L-T 1 
L- 15 
L- s 
He 
He +H 0 
NaCl - Anodic 
NaCl - Cathodic 
He 
He+H20 
NaCl - Anodic 
NaCl - Cathodic 
He 
He+H20 
NaCl - Anodic 
NaCl - Cathodic 
NaCl - Cathodic 
He 
02 
02 
0 2  
0 T.B.D. - To Be Determined 
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Figure 1 Fatigue Crack Growth for Different Plate 
Orientations (18) 
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Figure 2 Comparison of the Growth Rates of Long 
and Microstructurally - Small Fatigue 
Cracks ( 2 1 )  
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Depar tment  o f  App l ied  Physics and Engineer ing,  Technische 
T h e  National Counci l  f o r  Research and Development, Jerusa-  
K i b b u t z  Sde Boker ,  Israel ,  A p r i l  1974 
T h e  Weisman I n s t i t u t e  o f  Science, Rehovat, Israel ,  A p r i l  1974 
Depar tment  o f  Envi ronmenta l  Sciences, Techn ion-  Israe l  I n s t i -  
Human and  Envi ronmenta l  Science Labora tory ,  Hebrew U n i v e r -  
Laborato i re  de  Electrochimie (CNRS) e t  I 'Un ivers i t ,  de  Paris, 
Departments o f  Chemis t ry  and Chemical Engineer ing,  U n i v e r -  
Hogeschool Del f t ,  Del f t ,  T h e  Nether lands,  March 1974 
lem, Israel, A p r i l  1974 
t u t e  o f  Technology, H a i f a ,  Israel ,  May 1974 
s i t y  o f  Jerusalem, Jerusalem, Israel ,  May 1974 
France, J u i n  1974 
s i t y  o f  Rl issouri-Rolla, Rolla, Missour i ,  October  1974. 
"A  Shor t  Course in Bioelectrochemistry,"  p resented  t o  Hooker  
Chemical Corporat ion,  Niagara Fal ls, New York ,  January  1976. 
"Stabi l izat ion of Asbestos Separator Mater ia ls,"  p resented  t o  Hook- 
e r  Chemical Corporat ion,  N i a g a r a  Fal ls, New Y o r k ,  January 
1976. 
"Electrochemical Phenomena a t  Biological  1 nterfaces,"  p resented  t o  
Nor theas t  Regional ACS Meeting, A lbany ,  New York ,  August 
1976. 
"B ioe lect rochemist ry  and  Biomaterials," p resented  t o  t h e  Depar t -  
ment of Engineer ing,  Wilkes College, Wi lkes-Barre,  
Pennsylvania,  November 1977. 
"Electrochemical Dis in fect ion o f  Wastewater on  Ships, " presented  t o  
Depar tment  of Chemist ry ,  U n i v e r s i t y  o f  Te l  A v i v ,  Ramat- 
A v i v ,  Israel ,  A p r i l  1979. 
"Composite Electrodes i n  Electrochemical Technology,  " presented  t o  
Celanese Corporat ion,  L inden, New Jersey ,  August 1979. 
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I n v i t e d  Lec tures  (cont inued)  : 
"Composite Electrodes in Electyochemistry,  I' presented to  PPG 
Corpor-at ion, Ba rbe r tow  n , 0 h io , December 1979. 
"Electrochemical Dis in fect ion o f  Wastewater on Ships," p resented  t o  
Depar tment  o f  App l ied  Sciences, Brookhaven National Lab-  
orator ies,  January  1980. 
"Reactor Design and Electrochemical Waveform f o r  Seawater Sewage 
Dis in fect ion,"  Ben Gur ion  U n i v e r s i t y  and t h e  Negev Ins t i t u te ,  
Beer  Sheva, Israel,  May 1980. 
" A  Lec tu re  Series in Corros ion Eng ineer ing  and Indus t r i a l  E lec t ro -  
l y t i c  I n d u s t r i e s , "  Department o f  chemis t r y ,  U n i v e r s i t y  of 
T e l - A v i v ,  Ramat-Aviv ,  Is rae l  , May-August  1980. 
"Cor ros ion  and Mechanically Ass is ted Corros ion Fai lure of Mater ia ls 
Associated w i t h  Geothermal Energy  Conversion, I' Los Alamos 
Nat ional  Labora tory ,  Los Alamos, NM, July 1983. 
" T h e  Effects of Polymer Ion Implantat ion i n t o  Aluminum: A Sea- 
water  Immersion Study, " American Chemical Society Sect ion 
Meet ing,  Raleigh, NC, November 1983. 
"The Electrochemical Oxidat ion of S a t u r a t e d  Hydrocarbons,  " Gas 
Research I n s t i t u t e  Methane Ac t iva t ion  Workshop, Houston, 
Texas, Februa ry  1985. 
"The E f f e c t  of Composition a n d  Mic ros t ruc ture  on t h e  Electrode 
K ine t ic  Parameters f o r  Hydrogen  Evolut ion on Steel," 
U n i v e r s i t y  of Richmond, F e b r u a r y  1987. 
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I n v i t e d  Lec tures  (cont inued)  : 
"A  Shor t  Course in Corros ion Eng ineer ing" :  
T h e  Koppers Company, Bal t imore MD, Augus t  1950. 
U . S .  Naval Sur face  Weapons Labora tory ,  Dahlgren,  V A ,  Oc- 
U.S. Naval Sur face  Weapons Labora tory ,  S i l ver  Spr ing ,  MD, 
tobe r  1981. 
hlarch 1982. 
U.S. Naval Ordnance Sta t ion ,  Indian Head, MD, October  
Virginia Elect r ic  Power Company, Richmond, VA,  November 
Los Alamos Nat ional  Laboratoby, Los Alamos, NM, F e b r u a r y  
E lec t r i c  Power Generat ion Div is ion,  Babcock a n d  Wilcox Cor -  
1982. 
1982. 
1983. 
porat ion,  Lynchburg ,  VA,  March 1983. 
Los Alamos Nat ional  Labora tory ,  Los Alamos, NM, J u l y  1983. 
L o r d  Corporat ion,  Erie, PA, A p r i l  1984. 
0 
Los Alamos Nat ional  Laboratory ,  Los Alamos, NM, July 1984. 
V i r g i n i a  E lec t r i c  Power Company, Yo rk town  Power Station, 
York town,  V A ,  A u g u s t  1984. 
Newpor t  News Sh ipbu i l d ing  Company, Newpor t  News, VA,  
A u g u s t  1984. 
Los Alamos Nat ional  Labora tory ,  Los Alamos, NM, July 1955 
3M Company, Saint  Paul ,  MN, May 1987 
S toner /CV5 
Updated : 09/04/87 
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ROBERT EDWARD SWANSON 
2500 Glouces te r  Drive 
Blacksburg, VA 24060 
Telephone: (703) 961-5600 - work 
(703) 961-0366 - home 
PROFESSIONAL EXPERIENCE 
Born: September 26, 1951 
Mar i ta l  S t a t u s :  Yarr ied 
C i t i zensh ip :  U.S. (703) 
November 1983 V I R G I N I A  POLYTECHNIC INSTITUTE AND STATE UNIVERSITY 
Presen t :  Blacksburg, VA 24061 
Ass is t a n t  Professor  
Department of Mater ia l s  Engineering 
1980 - 1983 CARNEGIE -MELLON UNIVERSITY 
P i t t s b u r g h ,  PA 15213 
Graduate Research Ass i s t an t  - Department of  
Me ta l lu rg ica l  Engineering and Mater ia l s  Science 
Research i n  t h e  a r e a  of s t r u c t u r e / p r o p e r t y  
r e l a t i o n s h i p s  i n  h igh - s t r eng th  aluminum a l l o y s ,  
e s p e c i a l l y  r a p i d l y - s o l i d i f i e d  P/M a l l o y s .  S p e c i f i c a l l y  
eva lua ted  t h e  r o l e  of mic ros t ruc tu re  i n  t h e  hydrogen 
embri t t lement  and s t r e s s  co r ros ion  c racking  
s u s c e p t i b i l i t y  of 7xxx s e r i e s  a l l o y s .  Micros t ruc tures  
of t h e s e  a l loys  were cha rac t e r i zed  us ing  l i g h t  
microscopy, SEN, and STEN. Corre la ted  SEM f rac tography 
wi th  underlying mic ros t ruc tu re .  Cracking mechanisms 
proposed f o r  t h e  var ious  mic ros t ruc tu res .  
1973-1979: WESTINGHOUSE-BETTIS ATONIC POWER LABORATORY 
West P l i f f l i n ,  Pennsylvania.  
Senior  Engineer 
Steam Generator A c t i v i t y ,  Mater ia l s  Performance 
Performed and managed both in-house and c o n t r a c t u r a l  
research  e f f o r t s  f o r  development of a l l o y s  f o r  use i n  
as  wel l  a s  design of naval  nuc lear  steam genera tor  
components. Developed tes t  programs t o  s imula te  
ope ra t ing  cond i t ions ,  p r imar i ly  f o r  s t r e s s  cor ros ion  
c racking  of  tub ing  and support  p l a t e  m a t e r i a l s .  
Conducted f a i l u r e  ana lyses  which involved o n - s i t e  
i n spec t ion  of nuc lear  p l a n t  steam gene ra to r s .  
Engineer - Light Water Breeder Reactor P ro jec t  
I r r a d i a t i o n  T e s t  A c t i v i t y  
Performed i n - p i l e  i r r a d i a t i o n  t e s t s  t o  eva lua te  s t r e s s  
cor ros ion  c racking  performance of f u e l  shea th  a l l o y s .  
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PhD. 
PI s 
El s 
BS 
Conducted major i n v e s t i g a t i o n  of stress cor ros ion  
c racking  performance of threaded f a s t e n e r s  used i n  
Lh'BR. Designed f i x t u r e s  t o  s imula te  a c t u a l  loading 
cond i t ions .  Resul t s  were used d i r e c t l y  i n  design and 
cons t ruc t ion  of LIJBR. 
Engineer - Light Water Breeder Reactor P ro jec t  
Fuel A c t i v i t y  
Evaluated compaction processes  t o  opt imize parameters 
f o r  f u e l  p e l l e t s  of var ious  s i z e s  and compositions,  
e s p e c i a l l y  wi th  regard t o  crack and ch ip  r e s i s t a n c e .  
Followed program through manufacturing, inc luding  
ins t rumenta t ion  of f u e l  rods a s  w e l l  a s  t r a i n i n g  of 
f u e l  t echn ic i ans  t o  minimize p e l l e t  damage. Various 
pa t en t  d i s c l o s u r e s .  
Assoc ia te  Engineer - Advanced Naval Reactor Core 
Core Performance 
Evaluated cor ros ion  and hydrogen-pickup behavior of 
f u e l  shea th  ma te r i a l s  t o  opt imize  thermomechanical 
t rea tments  and develop new a l l o y s .  Various pa t en t  
d i s c l o s u r e s .  
Carnegie-Mellon Univers i ty  (P le ta l lurg ica l  Engineering 
and Mater ia l s  Sc ience) ,  December, 1983. 
Thes is :  Role of Hydrogen i n  t h e  S t r e s s  Corrosion 
Cracking of 7xxx S e r i e s  Aluminum Alloys;  Advisors:  
I .El. Berns te in  and A .  W. Thompson 
Univers i ty  of P i t t sbu rgh  ( I n d u s t r i a l  Engineer ing) ,  
1979. Advisor: D . E .  Cleland 
Univers i ty  of P i t t sbu rgh  (Ele ta l lurg ica l  and Mater ia l s  
Engineer ing) ,  1976. 
Thes i s :  E f f e c t  of Isothermal  Forging on S t r u c t u r e  of 
Zirconium Alloys ; Advisor : H .  A .  Kuhn 
Pennsylvania S t a t e  Univers i ty  (Metallurgy) 1973. 
TEACHING EXPERIENCE 
1983 - Present  VPI & SU, Ass i s t an t  P ro fes so r .  
Courses i n  In t roduc t ion  t o  Mater ia l s  Science and 
Engineering (MatE 2030), P r i n c i p l e s  of Metals and 
Ceramics (NatE 3020), Processing of Fletals and Ceramics 
(PlatE 30401, S t ruc ture-Proper ty  Rela t ionships  i n  Metals 
(FlatE 3071), S t ruc ture-Proper ty  Rela t ionships  i n  
Ceramics Lab (PlatE 3072), Environmental Degradation of 
Engineer ing Mater ia l s  (PlatE 4140) ,  Alloy S t e e l s  (PlatE 
5020),  Me ta l l i c  Corrosion (ElatE 5121 and 5123).  
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RESEARCH AT VA TECH 
"Development of Composite Surface Treatments for Wear 
and Corrosion Treatments," for $13,872, Synertech, 
Inc., period 4 September 1984 to 2 November 1984. (PI 
and responsible for $19,872) .  
"Hydrogen Embrittlement Testing of Inconel 600 and 
Beryllium," for $7,063, Air Products and Chemicals, 
Inc., period 1 January 1985 to 1 April 1985. 
(Co-principal investigator with Professor P1.R. Louthan. 
Louthan responsible for $4,591, Swanson responsible for 
$2,472). 
"Corrosion-Resistant Plagnesium Alloys via Rapid 
Solidification," for $ 2 0 , 0 0 0 ,  Universal Energy Systems, 
Inc./U.S. Air Force Wright Aeronautical Laboratory, 
period 1 January 1986 to 1 January 1987. (PI and 
responsible for $20,000). 
Failure Analysis and Prevention Laboratory," for 
$63,506, CIT/IPlSE, period 1 June 1986 to 1 June 1987. 
(Co-principal investigator with Professor i'1.R. Louthan 
and visiting Professor T.A. Place. Louthan responsible 
for $21,169, Place responsible for $21,169, and Swanson 
responsible for $21,168). 
"Effect of Thermal Treatments on Mechanical Behavior of 
Tool Steels," for $6,500, Windward International, Inc., 
period 1 January 1986 to 1 July 1986, (PI and 
responsible for $6,500) .  
"Evaluation of Dry Process for Flue Gas 
Desulfurization," for $10,000, ETS, Inc., period 1 
Elarch 1987 to 1 October 1987. (PI and responsible for 
"Evaluation of Dry Process for Flue Gas 
Desulfurization," for $10,000, CITjIflSE, period 1 March 
1987 to 1 October 1987. (PI and responsible for 
"Development of Low-Expansion Ceramics for Diesel 
Engine Applications , ' I  for $450,000, Piartin Marietta 
Energy Systems, Inc. (Oak Ridge National Laboratories - 
DOE), period 1 March 1986 to 1 Plarch 1989. 
(Co-principal investigator with Professor J.J. Brown. 
Brown responsible for $292,500 and Swanson responsible 
for $157,500) .  
"Determination of Residual Stresses in Railroad Car 
Wheels by X-Ray Diffraction," for $93,968, CSX 
Transportation, Inc., period 1 June 1987 to 1 June 
1988. (Co-principal investigator with Professor R.W. 
Hendricks. Hendricks responsible for $61,079 and 
Swanson responsible for $32,889) .  
?I 
$10,000) .  
$10,000). 
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Determination of Residual Stresses in Railroad Car 
Wheels by X-Ray Diffraction," for $49,719, CIT/IPlSE, 
period 1 June 1987 to 1 June 1988. (Co-principal 
investigator with Professor R.W. Hendricks. Hendricks 
responsible for $32,317 and Swanson responsible for 
$17,402). 
Surface Treatments for Processing and Synthesis of 
Composites," for 85,370, Windward International, Inc., 
period 1 December 1987 to 1 December 1989. 
(Co-principal investigator with Professor N.S. Eiss, 
Mechanical Engineering. Swanson responsible for 
$55,491 and Eiss responsible for $29,879) .  
Surface Treatments for Processing and Synthesis of 
Composites," for $47,&10, CIT/INSE, period 1 December 
1987 to 1 December 1989. (Co-principal investigator 
with Professor N. S. Eiss, Nechanical Engineering. 
Swanson responsible for $30,817 and Eiss responsible 
for $16,593) .  
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11 
HONORS AND 1. Outstanding Yopng Men of America, 1985 
RECOGNITIONS 2. Who's Who in Teclinology Today 
3 .  Sigma Tau 
4 .  Tau Beta Pi 
5 .  Phi Kappa Phi 
6 .  Sigma Xi 
CURRENT FIELDS Fracture Flechanics 
OF INTEREST . Environmental Cracking 
Corrosion 
Powder Pletallurgy/Ceramics 
Electron Microscopy 
Computer Programming and Utilization 
AFFI LI AT1 ONS llember : TNS-AIPIE ASEE I Pis I CTTE 
ASP1 AES I AHE NSPE 
NACE MRS ACerS SES 
ASTN AAAS FEF 
Summer Research Fellow (AFOSR) WPAFB, 1985 
Registered Professional Engineer (Pennsylvania, 
Virginia) 
Plember: AIEIE Corrosion and Environmental Effects 
Committee 
New Products Editor: METALLOGRAPHY, International 
Metallographic Society 
HOBBIES Photography, hiking, music, racquet sports. 
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R . E .  Swanson, A . W .  Thompson, 1.M. Bernstein and J . L .  Maloney, 
E f f e c t  of  Stress S t a t e  on t h e  Stress Corrosion Cracking of  7075 
Aluminum, i n  Hydrogen E f f e c t s  i n  Metals ,  TflS-AIPIE, Warrendale, PA, 
1981, pp. 459-66. 
R . E .  Swanson, 1.M. Berns te in  and A . W .  Thompson, Stress  Corrosion 
Cracking of  7075 Aluminum i n  t h e  T6-RR Temper, S c r i p t a  Met. ,  1982, 
V01.16, pp. 321-24. 
R . E .  Swanson and f1.R.  Louthan, Mater ia l  Defec ts ,  Gas P u r i t y ,  and 
Hydrogen Embri t t lement ,  I n t e r n a t i o n a l  Jou rna l  of Hydrogen Energy, 
1985, Vol. 10,  NO.  7 / 8 ,  pp. 551-54. 
D.P. Harvey, 11, T.S.  Sudarshan, N . R .  Louthan, J r . ,  and R . E .  Swanson, 
Corrosion Fa t igue  Behavior of 90/10 Copper - Nickel Cladding f o r  
Marine S t r u c t u r e s ,  J.  Mater ia l s  f o r  Energy Systems, 1985, Vol. 7 ,  
NO.  3 ,  pp. 269-75. 
R . E .  Swanson and Y-W K i m ,  Thermal S t a b i l i t y  of Al-Fe-Ce Alloys i n  
Aluminum Alloys - The i r  Physical  and Plechanical P r o p e r t i e s  (E.A. 
S ta rke ,  J r . ,  and T.H. Sanders,  J r . ,  e d s . )  EMAS, .West Midlands, 
U . K . ,  1986, pp. 217-31. 
R . E .  Swanson, A . W .  Thompson, and 1.M. Berns te in ,  E f f e c t  of  Notch Root 
Radius on S t r e s s  I n t e n s i t y  i n  Node I and Node I11 Loading, 
Me ta l lu rg ica l  T ransac t ions ,  1986, Vol. 1 7 A ,  pp. 1633-1637. 
R . E .  Swanson and R . C .  Luken, E f f e c t s  of  Low Temperature Oxidat ion on 
t h e  Nechanical Behaviour of  ASTAR-811C, Refrac tory  and Hard 
Mate r i a l s ,  1987, Vol.  6 . ,  No. 2 ,  pp. 101-105. 
R . E .  Swanson and J .  K i m ,  The R o l e  of R e  Additions on t h e  Grain S i z e  
and Nic ros t ruc tu re  of Mo, accepted f o r  p u b l i c a t i o n  by J .  Heat 
T rea t ing .  
REFEREED PROCEEDINGS PAPERS 
(;' des igna te s  paper  accepted on b a s i s  of a b s t r a c t )  
1 D.P. Harvey, 11, T.S. Sudarshan, M . R .  Louthan, J r . ,  and R . E .  Swanson, 
Corrosion Fa t igue  Behavior of 90/10 Copper-Nickel Cladding f o r  
Marine S t r u c t u r e s ,  i n  ASP1 Conference on Coatings and B ime ta l l i c s  
f o r  Aggressive Environments (R.D. S i s son ,  e d . ) ,  ASN, Metals Park,  
Ohio, 1985. 
2 R . E .  Swanson, Hydrogen E f f e c t s  on Duc t i l e  F r a c t u r e  i n  Thi rd  
I n t e r n a t i o n a l  Conference - Environmental Degradation of Engineer ing 
Mate r i a l s  (I'1.R. Louthan, R . P .  P l c N i t t ,  and R . D .  S i s son ,  e d s . )  
Pennsylvania S t a t e  Un ive r s i ty ,  Univers i ty  Park,  PA, 1987, pp. 
133-48. 
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3 R . E .  Swanson, S . J .  Lukezich, R .  and R .  Lewis, Metal lographic  
Methods f o r  RS Pig Alloys,  t o  be publ ished i n  Proceedings of t h e  
20th Annual Convention of t h e  I n t e r n a t i o n a l  Eletallographic Socie ty .  
CLASSIFIED REPORTS 
1 Ten c l a s s i f i e d  r e p o r t s .  
PRESENTATIONS 
R .  E .  Swanson, A . W .  Thompson, I.M. Bernstein and J . L .  Flaloney, 
E f f e c t  of S t r e s s  S t a t e  on t h e  S t r e s s  Corrosion Cracking of 7075 
Aluminum, presented  a t  t h e  Third I n t e r n a t i o n a l  Conference on E f f e c t  
of Hydrogen on Behavior of Mater ia l s  sponsored by TNS-AIME , 
National  Science Foundation and A i r  Force Of f i ce  of S c i e n t i f i c  
Research, Moran, WY, August , 1980. 
R . E .  Swanson, I.N. Berns te in  and A.W.  Thompson, E f f e c t  of S t r e s s  
S t a t e  on t h e  S t r e s s  Corrosion Cracking of 7075 Aluminum i n  t h e  
T6-RR Temper, p resented  a t  TFIS-AINE F a l l  Pleeting, P i t t sbu rgh ,  PA, 
October,  1980. 
R . E .  Swanson, S t r e s s  Corrosion Cracking of Brass i n  Tarn ish ing  and 
Non-Tarnishing So lu t ions ,  S t a f f  Seminar, Nat ional  Bureau of  
S tandards ,  Gai thersburg,  PID, October, 1981. 
A.W.  Thompson, R . E .  Swanson, and I.M. Berns te in ,  Environmental 
Embrit t lement of a High-Strength P/M A 1  Alloy, presented a t  t h e  
TPIS-AIME Annual Meeting, February,  1982. 
R . E .  Swanson, I.N. Berns te in  and A . W .  Thompson, The Role of Hydrogen 
i n  t h e  S t r e s s  Corrosion Cracking of High-Strength Aluminum Al loys ,  
p resented  a t  t h e  I n t e r n a t i o n a l  Congress on Technology and Technology 
Exchange, Pittsburgh, PA, Play, 1982. 
R . E .  Swanson, I.N. Berns te in  and A . W .  Thompson, The Role of Hydrogen 
i n  t h e  Stress Corrosion Cracking of P/MX7090 Aluminum, presented  a t  
t h e  TPlS-AIPlE F a l l  Meeting, October, 1982. 
R . E .  Swanson, 1.M. Berns te in ,  and A . W .  Thompson, The Role of Hydrogen 
i n  t h e  S t r e s s  Corrosion Cracking of P/M 7090 Aluminum, presented a t  
t h e  TPIS-AIME F a l l  Pleeting, October,  1983. 
R . E .  Swanson and M.R. Louthan, Mater ia l  Defec ts ,  Gas P u r i t y ,  and 
Hydrogen Embrit t lement,  presented a t  t h e  5 t h  World Hydrogen Energy 
Conference, Toronto,  August, 1984. 
R . E .  Swanson, A.W.  Thompson, and I.E.1. Berns te in ,  E f f e c t  of Notch Root 
Radius on S t r e s s  I n t e n s i t y  i n  Node I and Mode I11 Loading, presented  
a t  Mechanics and Physics of  F rac tu re ,  Cambridge, U . K . ,  September, 
1984. 
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10. R . E .  Swanson, M.R. Louthan, R . C .  Luken, and J . L .  Lyt ton ,  The E f f e c t  
of Environment on Plechanical Behavior of Ref rac tory  Alloys f o r  
Space Reactor Appl ica t ions ,  presented a t  t h e  TMS-AINE F a l l  Meeting, 
September, 1984. 
11. R . E .  Swanson, S.A. B l a i r ,  and R . D .  S i s son ,  Corrosion Due t o  Acid 
Rain, 2 1 s t  Meeting of Socie ty  of Engineering Sc iences ,  VPI and SU, 
October , 1984. 
1 2 .  R . E .  Swanson, F r a c t u r e  Nechanics of Environmentally-Induced 
F rac tu re  i n  Prec ip i ta t ion-St rengthened  Alloys,  S t a f f  Seminar, 
Cambridge Univers i ty ,  England, J u l y ,  1985. 
13. R . E .  Swanson, Stress Corrosion Cracking Hechanisms i n  High-Strength 
Aluminum Alloys,  S t a f f  Seminar, ALCAN, L td . ,  Oxon, England, J u l y ,  
1985. 
14. R . E .  Swanson, Evaluat ion of Empirical  Nethods t o  Assess Role of 
Hydrogen i n  S t r e s s  Corrosion Cracking of Aluminum Alloys,  S t a f f  
Seminar, Univers i ty  of Newcastle-upon-Tyne, England, J u l y ,  1985. 
15. R . E .  Swanson, Mechanics and S t a t i s t i c s  of f l icrohardness Tes t ing ,  
S t a f f  Seminar, A i r  Force Wright Aeronaut ical  Labora tor ies ,  WPAFB, 
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UNIVERSITY OF VIRGINIA 
School of Engineering and Applied Science 
The University of Virginia’s School of Engineering and Applied Science has an undergraduate 
enrollment of approximately 1,500 students with a graduate enrollment of approximately 560. There 
are 150 faculty members, a majority of whom conduct research in addition to teaching. 
Research is a vital part of the educational program and interests parallel academic specialties. 
These range from the classical engineering disciplines of Chemical, Civil, Electrical, and Mechanical 
and Aerospace to newer, more specialized fields of Biomedical Engineering, Systems Engineering, 
Materials Science, Nuclear Engineering and Engineering Physics, Applied Mathematics and Computer 
Science. Within these disciplines there are well equipped laboratories for conducting highly specialized 
research. All departments offer the doctorate; Biomedical and Materials Science grant only graduate 
degrees. In addition, courses in the humanities are offered within the School. 
The University of Virginia (which includes approximately 2,000 faculty and a total of full-time 
student enrollment of about 16.400), also offers professional degrees under the schools of Architecture, 
Law, Medicine, Nursing, Commerce, Business Administration, and Education. In addition, the College 
of Arts and Sciences houses departments of Mathematics, Physics, Chemistry and others relevant 
to the engineering research program. The School of Engineering and Applied Science is an integral 
part of this University community which provides opportunities for interdisciplinary work in pursuit 
of the basic goals of education, research, and public service. 
